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I. The Effects of Oral Administration of Mixtures of Various Sulfur-
. Co..muiigen on Uadaton-Indd US es in En

Bernard Ea Hietbrinkp Marjorie Kesmdiri and
Mary 'S. Hayward

This reo concerns: The results of quantitative measurements of
the influence of oral adminstration of various combinations of oysteine, re-
duced glutathione (aSH), 2-sminoethylisothiouronium (AET), and 2-mercapto-
ethylamine (MEA) on the radiation-induced changes in enzyme activity of the
spleen,- thymus glands, and small intestine of the rate, The influence of
sodium pentobarbital (Nembutal) on the radioprotective activity of some of
these mtures was also investigated.

I=*diate or ultimate app lcation of the results: To obtain infor-
mation on V radioprotective activity of varius 'sulf-containing compounds
when administered orally to rats A great deal of information is available
concerning the ability of this group of agents to reduce the damaging effects
of radiation when given intraperitoneally or intravenously but relatively few
studies have been undertaken to ascertain the protective activity of these
agents given by the oral route, Information of this nature is of considerable
value when considering the practical use of nhemical compounds as radi ro-
teotive agents0 Recent studies by Melville et &l. (1) have shown that the
oral administration of mixtures of cysteine - provides substantial pro-
tection against the lethal effects of x-irradiation and that pentobarbital
(1.2,3) enhances the radioprotbotive activity of this mixture in rats and
monkeys* Results of our recent studies (4,5) on the influence of oral ad-
ministration of various radioprotective agents on the radiation-induced changes
in the ensyme activities of certain hematopoietic tissues and the intestine of
rats indicated that in general the compounds tested were acre effective when
given inraperitoneally , The current study was undertaken to obtain additional
information concerning the influence of oral administration of mixtures of
certain sulfur-containing compounds on the radiation-nduced changes in the
enzyme activities of the spleen, thymus glands, and small intestine of the rat.
It is anticipated that studies of this nature may ultimately be of value in the
formulation of a drug treatent that will provide optimum radioproteotion when
given by the oral route,

Studies were recently undertaken in this laboratory to obtain infor-
mation concerning the ability of va.ious radioprotective compounds to reduce
the radiation-induced changes in the adenosine triphosphatase activity of the
spleen and thyrwes glands and in the cholinexterase activity of the mal
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intestine of the rat0  Results of thcio studies have indicated that the oral
administration of sodium diethyldithiocarbamate or dimethylammonium dimethyl-
dithiocarbamate was not capable of reducing radiation-induced changes in the
enzyme activities of these tissuea whel ,1h n by this route (5). The oral ad-
ministration of p-mino (?oip) wad found to provide substantial
protection to the spleen mW intestino The maximum protective effect of MEA
by this route occurred at two hours afte- Oral administration (4). Melville
(3) found that the mixture of AET- and -6o4teln, given orally, provides marked
protection against the lethal of fects 'oxirtidiation ina monkeys. Thus ex-
perimento were performed to determine the aility of mixtures of various co-
pounds to reduce the injurious effects of xmay in the spleen., thymus glands
and intestine of the rata

The results of initial studies (6) on the influence of orally adminis-
tered mixtures of cysteine and AET on the rediation-induced changes in the
enzyme activities of the hematopoietic tissues and intestine of rats showed
that the mixture of lWO0 mgm,/kgm. of cysteine ind 600 iagm./kgmo of AET pro-
vided a substantial reduction in the biological effects of 400 r in the tissues
studiedo Other doses of AET ranging from 300 mgn,/mp to 700 mgm./kvz were
administered with 1,000 mgm./kgmo of cysteine but were less effective in pre-
venting the changes in enzyme activity of one or more of the tissues studiedo
Preliminary experiments on the radioproteotive activity of 230 imgo/kgn or
250 mno/kgma, of MEA given orally in a mixture with 1,000 v p./k~A. of cysteine
indicated that this mixture is considerably more effective when given intra-
.peritoneallyo The present report consists of a continuation of this study and
describes the influence of oral administration of various mixtures of oysteine
and MEs, reduced glutatbione and MEA, AET or cysteine on the radiation-Induced
changes in enzyme activities of various tissues and the effeut of pentobarbital
on the radioprotective activity of some of these orally administered 3IxtuWeSo

Materials and Methods. Adult, female Sprague-Dawley rats were used
for these experiments. -Meanimals were housed in air-conditioned quarters at
680 to 750 F, and were given Rockland Rat Diet and water ad libitum. X-irradi-
ation was administered as a single whole body exposure with a G, . Maximar
Therapy unit employing the folliing radiation factorst 250 KVP, 15 ma., 0,25
me Cu and I mm, Al added filtration. The target-animal distance was 75 o.
giving a dose rate of 34 r to 36 r per minute as measured in air with a
Viotoreen ionization chamber. The compounds tested for radioprotective ac-
tivity were injectad as neutral aqueous mixtures, In all cases the concen-
trations were adjusted to permit the administration of total volumes not ex-
ceeding 1.2% of the body weight.

The adenosine triphosphatase activity of the spleens and thymus glands
was measured according to the method of DuBois and Potter (7) using 05% homoge-
nates of spleen and 1% homogenates of thymus glands. Assays were performed in
duplicate using Ol m. and 0o2 mle of each aqueous tissue homogenate, In-
organic phosphorus was determined by the method of Fiske and Subbarow (8) and
the enzyme activity was expressed as icrograms of phosphorus liberated frm
adenosine triphosphate by 1 moo of tissue during a 15-minute incubation period.
The acetylcholinesterase activity of the small intestine was determined by the
manometric method of DuBois and Mangui (9). A portion of the small intestine
was freed from the mesenteric connective tissue and fat and longitadinally
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dissected to expel the contentso The tissue was washed with distilled water,
blotted with filter papery minced and homogenized in Ringer-bicarbonate buffer0
Measurements were conducted in duplicate using 50 xgm. of tissue per Warburg
vessel, The vessels were gassed with 5% C02 and 95 N2 fo five minuteso
Carbon dioxide evolution was recorded at 5-minute intervals for a period of
30 minutes following a preliminary 10-minute equilibration, Acetyloholin-
esterase activity was expressed as miroliters of CO2 evolved per 50 mgpo of
tissue during - 10-minute incubation period* The degree of radioproteotion
provided by the chemical compounds in the tissues studied was expressed as
per cent reduction of the biologically effective radiation dose* The data
presented in this report were calculated using the dose response curves and
methods described in a previous report (10)*

Results

The effects of oral administration of mixttwes of oysteine and 2-
mercaptoethylanine on the changes in enzyme activfe" of the spleen,
glands, and intestines of rats three days after 400 r rf x-,-adlat.on. The
results of preliminary studies (6) on the influence of oral adminUstation of
cysteine and MEA on the radiation-induced changes in the enzyme .activities of
the spleenss thymus glands, and intestines of rats indicated that mixtures of
200 mgmo/kgm or 250 mgm./kgmo of MEA with 1,000 mgmo/kgm., of cyiteine are more
effective when given intraperLtoneally*. However. since no gross toxic mani-
festations were observed following these treatments, it was of interest to ob-
tain information concerning the radioprotective activity of higher doses of
these agents, For these experiments groups each containing four rats were
given mixtures of cysteine and IMA at various intervals before 400 r of
x-irradiation0 Three days later the animals were sadrified for adenosine
triphosphatase assays on the spleens and thymus glands and cholinesterase
measur ments on the intestines. The results of these measurements are pre-
sented in Table lo

The data shown in Table 1 indicate that oral administration of mixtures
of 1,o000 mgm./gma of cysteine and 300 m/mo/gmo or 400 mgA/kgm. of MA did not
provide substantial protection to the spleen and intestine when given 30 minutes
before 400 r of x-irradiationo A marked reduction in the biologioal effect of
400 r in the spleen was observed when 1,000 mgm./gm, of cysteine and 500 ngu./
kg . of MEA were given at this time interval. In view of these resultes studies
were undertaken to obtain information on the radioprotective activity of 1,500
mgmo/kgmo of cysteine given orally alone and as a mixture with 500 mgm./kIgi. of
MEAo Administration of 1,500 mgm.gm, of cystaine 30 minutes before 400 r of
x-ray did not significantly reduce the biological effect of 400 r in the tissues
studiedo In order to obtain information concerning the onset and duration of
radioprotective activity of this mixture groups of animals were given 400 r of
x-rsV at 15 minutes, 45 minutes, and 60 minutes after receiving the chemicalso
The data show that the hematopoietic tissues are not significantly protected at
15 minutes after administration of the mixture and that the radioprotective ac-
tivity of these compounds is no longer evident in the tissues of animals given
400 r of x-ray 60 minutes after drug treatment,

The effects of oral adminietration of mixtures of reduced glutathione
and other sulft-ocontaining compounds on tE changfea in amm aoT1WeWo7
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the spl.eenB, thymus glands, and Intestines of rate three day after 1400 r of
x-irradlationo Results of experiments presented aove ndIn our previous
re~w-E (6) trate that the oral administration of mixtures of cysteine
and MEA and cysteine and AET at appropriate intervals before i-irradiation
provides substantial reductions in the biological effects of radiation in the
spleens, thymus glands# and intestines of rats0 Therefore, studies were under-
taken to obtain information on the radioprotective activity resulting frwi
oral administration of mixtures of glutathione and other sulfur-containing
agents0 For these experiments groups each containing four rats were given
mixtures of glutathione and NEA11 glutathione and AET, or glutathione and
oysteine at various; intervals prior to 1400 r of x-Irradiationa Three days
later the animals were sacrificed and the enzyme activities of -the upleens9
thymus glands, and intestines were determined, The results of these determi-
nations are shown in Table 2.

The data presented in Table 2 show that the oral administration of
1#500 mgm./gm, of reduced glutathione provided 19% and 12% reductions in the
biological effect of 400 r in the spleens and thymus glands respectively when
given 30 minutes before x-irradiation. Substantial protection was afforded to
the tissues studied when the midxture of 1,,500 mgm./kgm, of glutathione and 500
mgm./kgm* of MEA was given 15 minutes prior to radiatl on0. Results tf arperi-
ments undertaken to obtain information concerning the duration of radiopro-
tective activity indicate that this mixture provides significant protection
to the spleens and thiymus glands but did not reduce the injurious effects of
x-ray on the intestines of rats irradiated at 30 and 60 minutes after oral
administration of the mixture0 Mixtures of glutathione plus AET and gluta-
thione plus cysteine did not isignificantly alter the radiation-induced changes
in the spleens and intestines caused by 1400 r but provided 181-a and 20% re-
ductions respectively in the biological effect of x-irradiation in the thymus
glands.

The influence of sodiumi pentobarbital and mixtures of various sulfur-
containing cmmouds on the chne nenzm activities of the spleen.

"lands, and intestines of rats he dM2 fr1(5 ir of x-irradiation0  Y-s1
ville et ale k1,2) have recently found that intrapeitoneal or intrvenous in..
jectiocno-pentobarbital enhanced the radioprotective activity of orally ad-
ministered AET or AET and cysteine mixtures as measured by survival studies in
rats and monkeys, Results of previous studies (6) in this laboratory showed
that the mixture of 1,000 mgm/kgm* of cysteine and 600 mM.,/Icgm0 of AET given
orally provides substantial reductions In the biological effects of 1400 r in
the tissues studied0 To obtain further information concerning the influence of
pentobarbital on the radioprotective activity of mixtures of AET and cysteine
in specific tissues, groups of four rats were given various mixtures of these
compounds orally 30 minutes before 1400 r of x-ray and 25 mgm.Agm. of pento-
barbital was given intraperitoneally 20 minutes later. Enzym assays were
performed on the tissues of these animals three days later. The results of
these and other experiments are shown in Table 3o

The data presented in Table 3 show that the oral administration of
1,1000 ,nM.Acgm. of oysteine provided a 26% reduction in the biological effect
of 400 r of x-ray in the spleen but did not significantly beneffit the thy*=a
glands and intestines and that 25 qp.Agn of pentobarbital abolished the
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protective activity of cysteine in Ghe spleens. Data presented in our pro-
vious renrt (6) showed that the mixture of 1,000 rgmo/kg 0m of cysteine and
600 mgm./kgmo of ART provided marked dose reductions in all the tissues
studied. Intraperitoneal injection of pentobarblital reduced the beneficial
effects of the mixture in the hematopoietic tissues and totally inhibited the
protection observed in the intestine. Melville -ad Leffingwell (2) have
sion that the combination of ABT, pentobarbital, and x-Irradiation caused
additive or even synergistic lethal effects. To determine whether manife-
tations of drg toxicity reduced the radJoprotective activity of this mix ture,
groups of animals were given various dosage levels of AST and cysteine. It
was found that reducing the level of AET in the mixture to 400 mg.mAgm. m-
hanoed the proteotive activity of this treatment in all the tissues studied0
However, when oysteine or both cysteine and AV? were reduced this mixture did
not alter the effect of 400 r in the intestine. Administration of pentobarbi-
tal to animals previously treated with the mixture of 1,000 aom/kgm. of
oysteine and 500 mgm./kgm. of MEA did not significantly affect the protective
activity of this mixture (Table I).

Discussion

This investigation consisted of a continuation of experiments recently
undertaken to determine the effect of oral administration of various mixtures
of cysteine, AET, MEA, or glutatbione on the radiation-induced changes in the
adenosine triphosphatase activity of the spleenz md thymus glands and in the
eholineaterase activity of the small intestine of rats. The results of these
experiments showed that the dxture of 1,5o0 mgm.Ag. of cysteine and 500 m,,/
kp. of MUl given 30 minutes before x-irradiation provided substantial reduction
in the biological effects of 400 r in the tissues studied. Treatment of the
animals at other time intervals before radiation exposure with other dosage
levels of this mixture failed to be an effective9 The mixture of 1,500 mgM./
kpi. of glutatbione and 500 upm./o of MA given 15 minutes prior to x-rq
was the most effective dosafe schedule of this mixture tested in reducing the
biological effects of radiation in the spleen and intestine Administration of
this mixture at 30 minutes to 60 minutes before radiation provided substantial
protection to the hematopoietic tissues but did not reduce the damaging effect
of 4OO r in the intestines.

Studies were also undertaken to obtain information concerning the in-
fluence of sodium pentobarbital on the ability of mixtures of cysteine and AET
to reduce the biological effect of radiation in the hematopoletic tissues and
intestines of the rata These experiments were prompted by the reoent findings
of Melille and Leffingwel (2) who showed that intraperitneal injections of
pentobarbital enhance the protective activity of orally adrinistered AET against
the lethal effects of ionidng radiations in rats. These investigators observed
that the degree of radioprotective activity obtained -:as dependent upon adjust-
ment of the dosage of the sulfur-containing coupounds and the sedative in order
to eliminate the toxir manifestations of the protective treatment The results
of studies presented in the current report illustrate these observations. The
protective activity provided the intestine by the mixture of 1,000 ftz./kgm of
cysteine and 600 mm./kRo of ALT was not observed when pentobarbital was ad.
ministered ten minutes before radiation but significant protection was obtained
in the tissues studied when the dose of AET was reduced to 400 uvmo/kgm



The results of those studies illustrate that vawious mixtures of
sulfur-containing compounds are capable of reducing the damaging effects of
x-irradiation in the heratopoietio tissues and intestine but in most instances
it In more difficult to obtain protective activity by oral administation than
it is when the agents are given intraperitaneally. Thirty-day survival studies,
which will assist in the evaluation of the effectiveness of these orally ad-
ministered mixtures, are currently in progress.

1o* A study was conducted to quan itattvely determine the radieprotective ac-
tivity of orally administered mixtures of various vulfur-containiug ecr-
pounds in rats. Doses of 14A ranging from 300 MP./kgm, to 500 UPo/kpm
uere given as mixtures with 1,000 ug./kgA. of cysteine 30 minutes before
400 r of xi-Irradiation. The mixture of 1,000 wm./kgu. of cysteie and
500 up./km. of MEA provided a reduction of 37% in the biological effect
of radiation in the spleens but like the other mixtures tested did not
substantially benefit the thymus glands and intestines. Oral adminis-
tration of 1,00M mg./kp6 of cysteine and 500 Pp/kp. of M&A 30 minutes
before x-ray provided marked reductions in the biological effect of 400 r
in the tissues testedo This mixture was much less effective when given 15
minutes, 45 minutes, or 60 minutes before x-ravo

2. Experimnts undertaken to deUrmine the protective activity of mixtures
of glutathione and other sulfr-containing oaspounds indicated that the
mixture of 1,500 u./k- o of glutathione and 500 uu.Agmo of MA given
orally 15 minutes before x-ray provided 350, 20%, and 29% reductions in
the biological effect of 400 r in the spleens, thymus glands, and intes-
tines respectively. When this treatment vas given at 30 minutes 45
munutes, or 60 minutes before x-ray, it provided protection to the hemato-
poietic tissues but did not red ,e the injurious effects in the intestines.
M utres of glutathione plus AET and glutathione plum cysteine did not
significantly alter the radiation-induced changes in the ensyns activities
of the spleen and intestine when given orally 30 minutes before 00 re

3o Results of studies to determine the influence of intraperitoneal injection
of sodi= pentobarbital on the radioprotective activity of chemical agents
given craly showed that 25 UP.ikm. of pentobarbital nullified the pro-
tective effect of 1,000 ug.Acgn. of cysteine in the sploen. In mot
instances pentobarbital did not significantly affect the protective ac-
tivity of the mixtures in the homatopoistic tissues but reduced the bene-
ficial effects of these agents in the intestine.
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Livers of- roun Male ,atse n 4 ,

Bernard E, Hietbrink, Marjorie Keshmi4 and Kenneth Po Dulois

This report concerns: Results of experiments undertaken 'o obtain
addi tioniin Inormation concerning the influence of ionizing radiations on the
de-velopment of the phosnhorothicate-oxidizing enzyme In the livers of young
male ratso Observations were made on the influence of shielding the head and
testes on the radiation-induced inhibition of the development of the drug
metabolizing enzyme. The influence of sodium nentobarbital and sodiun pheno-
b.rbital on the develoment of this enzyme system and the effect of xlarradi-
ation on nhenobarbital-induced enzyme synthesis were also investigatedo

Immediate or ultimate anplication of the results: The present in-
vestiration constitutes a continuation of studies recently initiated to obtain
i, formation on the ef'ects of ionizing radiations on the development of micro-
sanal enzymes in the liver which are resnonsible for the oxidative desulfur-
ation of nhosnhorothioates and which catalyze the metabolism of other dru.s
and toxic compounds. Previously we have attempted to obtain information con-
cerning the influence of x-irradiation and gamma radiation on the mechanism
responsible for the normal development of these microsome enzymes in young
-ale rats0  Studies in this (1) and other laboratories (2,3,94) have shomn that
polycyclic hydrocarbons and other foreign chemical agents enhance the activity
of liver microsome enzymes which are responsible for the metabolism of various
drugs in the intact animals Thus a considerable portion of the present report
is concerned with the results of studies on the effect of x=irradiation on
drug-induced stimulation of the activity of drug metabolizing enzymeso Results
of initial studiep on the influence of radiation on drug-induced stimulation of
enzyme activity indicate that 200 r or 400 r of x-ray given 24 hours before
initiating a series of daily injections of various doses of sodium phenobarbital
does not substantially affect the degree of phenobarbital-induced stimulation in
the activity of the phosphorothioate-oxidizing enzymes in the livers of adult
female and young male rats0  Evidence is presented that shielding the head and
testes while the remainder of the body is exposed to radiation reduces the de-
gree of inhibition in the development of enzyme activity caused by 200 r of
x-ray. It is anticipated that information obtained from these experiments will
ultimately assist in ascertaining the biological mechanisms involved in the in-
jurious action of ionizing radiations on marmalian tissueso

A systematic study was recently undertaken (5) to obtain information
cnoncerning the radiation-induced de-1'ect in the development of microsome enzymes
which are resnonsible for the metabolism of various drugs and toxic agents in

11
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the livers of young male rats. Results have indicated that doses of x-ray
as low as 100 r (6,7) cause substantial reductions In the rate of develowent
of the envym bystemo that the iuhibitibn is reversible, and that the enzyme
activity reaches normal adult levels' at five to six weeks after 100 r or
200 r of x-rTafation (8). Administration of a second dose of 100 r or 200 r
of x-irraftation to 30-day old rats at seven days after an initial exposure
increased the period required for synthesis of ensyme activity to normal adalt,
levels; however, when the second dose was given l4 days after the first ex-
nosure the viorcoome cmidases developed ata rate similar to that of animals
irradiated only at 23 days of age

Shielding various areas durine x-ray exposure was used in an attempt
to gain inforation concerning the gross site of radiation-induced inhibition.
These experiments showed that shielding the testes or the liver area did not
revent the Inhibitory effect of 200 r or 400 r of x-ray on the development of

the drug metabolizing enzyme (7). It was also found that the administration of
600 r (7) or 800 r (9) of x-ray to the liver area while shielding the remainder
of the body substantially reduced the rate of development of the enzyme system
during the latter part of the observation periodo The present report describes
results of experiments on the influence of shielding the head and testes on the
inhibitory effect of 200 r of x-ray on the synthesis of tbis enzyme systemo

In our previous studies we have been interested in obtaining information
on the influence of ionizing radiations on the normal rate of development of
microsomal enzyme systems, Recent studies by Conney at al. (2) show that Vre-
treatment of young rats with drugs differing widely in h-ecal structure and
nharmacological activity stimulates the activity of drug-etabolizing enzymes
in icrosomes of the liver. Heasurements were made of the effect of x-frradi'c
ation on the barbiturate-induced stimulation of the synthesis of the phosphoro-
thioate-oxidizing enzyme system In the liver of young male and adult female
rats. Results of these measurements indicated that administration of x-ray
one day before daily injection of phenobarbital does not significantly affect
the drug-induced stimulation in enzyme activity.

Materials and Methodso Adult female and young male Sprague-Dawley
rats were used' for these experiments. The animals were housed in air-conditioned
quarters and were given Rockland Rat Diet and water ad libitium X-irradiation
was administered as a single exposure with a Go E. HM therapy unit employing
the following radiation factors% 250 KVP, 15 mao, 0o25 me Cu and 1 in, Al
added filtration. The target-animal distance was 75 co giving a dose rate of
34 r to 36 r per minute as measured in air with a Victoreen ionization chamber.
For experiments oh the effect of partial body shielding on the development of
the drug metabolizing enzyme system, weanling rats (23 days old) were anesthe-
tized with aqueons solutions of sodium pentobarbital (25 mgxo intraperito-
neally) to facilitate accurate placement and maintenance of the lead shields
during radiation exposure. Aqueous solutions of sodium phenobarbital were
given intraperitoneally?

For enzyme assays the rats were sacrificed by decapitation and the
livers were quickly removed, weighed, and homogenized in cold distilled water,
Guthion was conerted to its active netabolite by the ethod developed by
Murnhy and DuBois (10) in th.s laboratory and by a modification of the method
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used by Conney et al. (4) fbr other reactions catalyzed by Microe e enUmeso
The details f 5 emodifioaticns aid the methods eMloyed in the calculation
of the ensM activit have been described in detail in a peviCsw report frm

Mai. laboratory (2)

Remits

Th. i en, oral body sieldir on the devel Of the
Creh~ate-0ldo a on""m ! in the 3vers eC ZMg rate In

iftudies we employed partial body MOhleldnr toOobtan UnfAatIon n the
goss site of action of radiation in connection with the inhibition of the do-
velopwant of icroume idaeo. It was found that 200 r or 400 r of x-irradi-
ation given to the liver area on3y does not inhibit developmnt of the enzyme
system in contrast to the marked inhibition resulting from these doses of whole
body radiationo Testosterone stimulates the development of the enzyme system
(10) but shielding the testes during irradiation did not revent the radiation-
induced inhibition of development of the enzyme system, Evidence was obtained
which indicates that radiation injury to the adrenal glands may be a factor in
the delayed development of enzyme activity. In this connection daily injections
of adrenal cortex extract reduced the degree of radiation-induced inhibition of
the development of the phosphrothioate-oxddizing enzyme caused by 200 r of
total-body x-ray. Experiments were undertaken to obtain additional information
on the effect of partial-body shielding on the development of microsomal enzyme
activity in young male rats. For these experiments 23-day old male rats were
anesthetized with 25 mgmo/gm. of sodium pentobarbital and lead shields were
blaced so as to shield the head and the testes* The remainder of the body was
then given 200 r of x-Irradiation. The animals were sacrificed at various
intervals during the following three weeks, a portion of the liver was removed
and the microsome caldase activ.ty was measured, The results of these measure-
ments are presented in Figure 1 where each oint on the curves is the average
of measurements on the livers of at least four animals.

The data in Figure I show that shielding the head and testes reduces
the degree of inhibition caused by 200 r of x-.ray. Since rrevious studies have
shown that shielding the testes does not alter the inhibitory action of 200 r.
these results provide evidence that radiation-induced injury to the head may be
vartially responsible for the inhibitory action of x-ray in the liver, Ad-
ditional exneriments, however, must be undertaken to more accurately determine
the influence of shielding and irradiating the head area on the development of
dug metabolizing enzymes0

The influence of 25 mo/ _. of sodium pentobarbital an the develop.-
ment of the pPho rothioate-oxid~sing enzymes in th lesof roun-"'RalMerats.

was noted in this ad previous studies U7,U,9) that the activity of the
microsome enzymes of the livers of partially shielded irradiated rats was sub-
tantially elevated for approximately 10 to 12 days following x-ray. It was

suggested (9Y that sodium pentobarbital used to anesthetize the animals during
the shielding experiments may be causing this initial stimulation in activity
since Conney et al. (2) have shown that relatively small doses of other barbitu-
rates cause marked increases in the activity of various drug-etabolizing enzymes
which are located in the microsames of the liver. To determine the effect of
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barbiturates on the deve1o0pnt of the phophoroth.oate-oadising enzyme in
the livers of yoving sale rats a roup of 23-day old animals was gimve 25
uip,/kgp. of sadlim pentobarbtal ten minutes befsm, 200 r of x-b-adeLW a.o
Ane gpou conssing t o n -irn r ,adisted animals was given 2; op ./icl of
Petehwbtl, The aimals s werel itced at various intervals during the
foUcsig thee weeks and the microeow eddase activiti of the liver* was
masurd. The results of those measurements are shown in Figure 2 where each
point on the curves is the average of measurements on the livers of at least
four muimalmo

The data wesented in ftgure 2 illustrate the marked stimulation in
enue activity observed at one day after injection of peutobarbital in both
the irradiated and non-irradatOA animals. The activity tended to return
toward normal after five to six days and no significant difference was found
in the enzyme activity of the pentobarbital treated and non-treated animas
given 200 r of x-ray during the last two weeks of the observation periodo The
results of this study indicate that the early stimulation in enzyme activity
observed in animals anesthetized for shielding studies was due to pentobarbital-
induced enzyme synthesiso

The influence of x-frradiation on phenobarbital-induoed stimulation of
the pho rothiR6 oate- 9dizing enZy in the liver of young male rate. Conney
eTZ9 (2) have recent] found that relatively maU doses or phenoarbital
cause a marked increase in the activity of the enzymes responsible for the
demethylation of 3-mthyl-4-mononethylaminoasobenzene (3-methyl-MAB) and for
the metabolism of soxazolamine and other chemicals in the livers of young male
rats. Thus a study was undertaken to obtain information concerning the influ-
ence of x-irradiation on the barbiturate-induced stimulatiom in microsome ad-
daae activityo The results of studies presented above indicated that pento-
barbital causes a marked stimulation in the activitV of the miorosome owidase
which catalyzes the metabolism of phosphorothioateso Preliminary studies showed
that daily 2 mg./kgmo doses of phenobarbital cause marked stimulation in the
development of enzyme activity° Groups of 23-day old male rats were given 200 r
of x-ray and 24 hours later daily injections of ohenobarbital (2 mgm .Agm) were
begun. Normal and drug-treated uixrradiated animals served as the controls.
Animals were sacrificed for enzyme measurements at 28, 30, and 32 days of age0
The results of these measurements are shown in Figure 3 where each bar repre-
sents the average and range obtained from the number of animals indicated in
narenthesiso

The data in Figure 3 indicate that nhenobarbital causes approximately
a two-fold increase in the normal rate of development of the hosphorothioate-
oxidizing enzyme system after 4, 69 and 8 daily 2 mgmo/kgm. injections. The
Dhenobarbital-induced stimulation in enzyme activity was less marked in animals
that had received 200 r at 23 days of age; however, the difference was not sig-
nificant due to the variability of the responses.

In view of these results it was of interest to determine the influence
of increased levels of phenobarbital and higher doses of x-irradiation on the
developent of the drug-metabolizing enzymes. For these experiments groups of
23-day old rats were given 200 r or 400 r of x-irradiation and daily injections
of 5 rg8,/gm. of phenobarbital were begun 24 hours later, The animals were
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Figure 3. The influence of 200 r of x-irradiation on pheno-
barbital-induced stimulation of the phowphrothiate-caddL ug eon
in the livers of yoag male rats, A, oontrol aotivityj Bp 2 owmo/ko
of phenobarbital per day starting at 24 days of age; Cp 200 r at 23
day. of age, 2 Mp./kgm. of phenobarbital per day starting at 24 days
of age. Numbes in parenthesis repweaent the nmeber of animlns in each
group.
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sacrificed 49 6, ard 8 days later and tho dru-zetabolizing enzya activit
of the livers wo iamtncdo The results of thoco m urwcmcuts ro pmr.eut d
in igure 4 where caeh bar rocpmento the averae and ron7o obt incd far Q0
)±vors of each Croup of mirmals The numbe': of ani-la in or-ch Lyca p to
given in parenthelsis

Thb data presentcd In Figure 4 indicate that 5 mgmo/'nA of Pheno-
barbital cause a two- to three-old increase in the synthesis of ensn-e ae-
tivity after 4p 69 and 8 daily doses of 5 mpo/kcmo of pbenobarbitala It is
apoent that 200 r of x-irradiation does not inhibit the drug-induced synthe-
sis of enyme activity however, the enzyme activity of the animals given 400 r
of x-ray at 23 days and 6 or 8 daily injections of ohenobarbital was sub-
stantially less than the unirradiated drug-treated controls*

The influence of x-irradiation on phenobarbital-induced stimulation
of the phSosporothioate-oxidiuing enzyme in the liveO of the rate Eeriments
were undertaken to obtain information concerning the effect of daily injections
of Dhenobarbital and x-irradiation on the synthesis of phosphorothioate-
oxidizing enzymes in the livers of adult female rats. For these studies groups
of female rats rere giver 600 r of x-ray and injections of 37.5 mgmo/kgm of
phenobarbital were given twice daily (75 mgmo/kgmo/dW) starting 24 hours later.
Young male rats (23 days old) ere given 4OO r and placed on the same injection
schedule0 Four days later the animals were sacrificed and the drug metabolizing
activity of the livers was megauredo The results of these measurements are
shown in Figure 5, Each bar r6presents the average of 4 to 8 animals as indi-
cated in parenthesis and the range of the results,

The results of experiments presented in Figure 5 show that daily in-
Jections of 75 mgm./kgmo of phenobarbital caused approximately a two-fold in-
crease in the activity of the liver of adult females and a four-fold increase
in the enzyme activity of young male rats The livers of female rats given
600 r and male rats given 400 r of x-ray before daily injections of 75 mgm/
kgmo of phenobarbital exhibited a similar degree of enzyme induction to that
observed in the drug-treated. unirradiated animals. Thus the results of these
studies indicate that administration of phenobarbital causes marked increases
in the synthesis of the phosnhorothioate-oxidizing enzyme system in adult fe-
male and young male rats, that this increase is dose dependent in young male
rats (Figures 3, 4v and 5) and that sublethal doses of x-irradiation do not
significantly influence the decree of nhenobarbitalinduced increases in ac-
tivityo

Discussion

The present investigation consisted of experiments undertalcen to ob-
tain additional information on the influence of ionizin radiations on the
normal development and the drug-induced stimulation of an enzyme responsible
for the owddative metabolism of certain chemical agents by the livers of adult
female and young male rats. The present report describes firther studies on
the effect of Dartial body shielding on the inhibitory effect of x-ray on the
development of microsme oxidases, the influence of sodium pentobarbital, used
as an anesthetic agent, on the develonment of enzyme activity and the effect of
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induced stimulation of the phosphorothioate-xidising en e in the
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plus 75 agm.Agn. of phenobarbital per da for 4 days, 3, 23-day old
control activity. The numbers in parenthesis represent the umber of
animals In each group.



21

ionizing radiations on the sodium phenobarbitalinduced stimulation in de-
velopment of these enzymeso The results of studies on the influence of
partial body shielding on the development of enzyme activity indicated that
shielding the head and testes while exposing the remainder of the body to
x-irradiation substantially reduced the inhibitory effect of 200 r on the
develonment of the phospharothioate-oxiditing enzyme in the livers of total-
body and testes shielded irradiated animals. The mechanisms resnonsible for
the reduction in the biological effectiveness of radiation caused by shielding
the head area are not readily apparent* However, it is anticipated that studies
currently in progress will supoly information which will aid in ascertaining
the influence of radiation to the head area on the development of microsome
enzyme activity in the livera. of young male ratso

It was noted in recent studies (798,9,11) that radiation anreared to
enhance the development of the phosnhorothioate-oxidizing enzymes in the
livers of partially shielded animals for approximately 10 to 12 days follow-
ing x-rayo The results of studies by Conney et ala (2), who found that small
doses of some barbiturates cause marked increase- in the activity of various
drug-metabolizing enzymes located in the microsme fraction of the liver, sug-
gested that the pentobarbital used to anesthetize these animals during irradi-
ation caused the initial stimulation in activity. Results of experiments on
the influence of pentobarbital on enzyme synthesis indicated that the early
stimulatimi in drug metabolizing enzyme activity was caused by the anesthetic
agent,

The absence of radiation-induced inhibition of the stimulatory effect
of phenobarbital is somewhat surprising. Radiation has been found to inhibit
the growth rate or decrease the size of various tissues (ioeo, spleenq thymus
glands, testes# and other rapidly proliferating tissues). Phenobarbital-
induced stimulation in enzyme activity of the liver has been shown to coincide
with marked increases in liver weight and elevated microsomal and total liver
protein (2)0 Further studies are currently in progress to determine whether
the time interval beti.een radiation and initiation of barbiturate injections
has any influence on the synthesis of enzyme activity.

lo Additional studies were undertaken to determine the rae..Osensitivity of
the phosphorothioate-oxidizing enzyme system in the livers of young male
rats The results of experiments on the influence of partial body shield-
ing indicated that shielding the head and testes reduced the degree of
inhibition caused by 200 r of x-ray,

2a The injection of 25 ogm/kgmo of sodium pentobarbital caused a marked
stimulation in the microsome enzyme activity of the livers of normal and
irradiated young male rats at 24 hours after administration. The enzyme
activity tended to return toward normal in both groups after five to seven
days, It is evident that the increase in enzyme activity observed in ir-
radiated animals, which had been anesthetized with pentobarbital during
x-ray exposure, was due to barbiturate-nduced enzyme stimulation.
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3. Measurements of the influence of Y-irradiation on phenobarbitel-induced
increases in phosphorothioate-omddase activity sho.ed that 200 r does
not significantly affect the increase in enzyme activity caused by daily
doses of 2 mgm~pkgm0 of the barbiturate, Results of experiments on the
influence of 200 r or 400 r of x-irradiation on the increase in enzym
activity caused by 5 mgmo/kgmo of phenobarbital indicated that 200 r did
not influence barbiturate-induced stimulation in activity but that 400 r
reduced the degree of enzyme increase that was observed after six or
eight daily injections

4o Injections of 75 mgm/kgiao/day of sodium phenobarbital caused a two=f old
and a four-f old increase in the enzyme activity of adult female and young
male rats respectively. Administration of 600 r to adult females and 4oO r
to young male rats one day before injection of phenobarbital were begun
did not reduce the stmnulatory effect of this drugo
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THE EFFECTS OF IONIZING RADIATION ON THE BIOCHEMISTRY
OF H AMRALIAT TIS5UES

II 1 Further Studies on the Influence of X-Irradiation on the
Reductase Activity o theLvers of Rats

Kenneth P. DuBois and Bernard E Hietbrink

This report concerns: Extension of our previous studies on the
influenceiRfiradlati o n the development of the enzyme system in the liver
that catalyzes reductive changes in certain types of chemical agents.

Lmediate or ultimate aoplication of the results: F'ropress in
elucidating biochemical effects of radiation requires the systematic in-
vestiation of the reactions involved in various phases of intermediary
metabolism. As knowledge of previously unknown metabolic reactions pro-
gresses to the stage of quantitative measurement of the reactions1 it is
considered an important part of the present program to ascertain their
susceptibility to ionizing radiations Thus$ since the pathway responsible
for the oxidative metabolism of foreign chemicals is understood to a con-
siderable extent at the present time, it was of interest to ascertain whether
radiation affects the 'activity of this system, Previous studies in this
laboratory demonstrated that the oxidative microsomal enzyme sys'tem is un=
affected by radiation in adult animals but developmeht of the enzyme system
is severely inhibited in young animals. To determine whether this effect
occurs generally with respect to microsonte enzymes, a study of reductases
was undertaken as a step in attempts to locate the exact site of action of
radiation The results of our recent previous experiments and those de-
scribed in this report indicate a selective action by x-irradiation on the
development of oxidative microsoeal enzyme systems0 Thus it is possible to
focus attention on this phase of intermediary metabolism, Elucidation of
the exact mechanism responsible for the inhibitory effect of radiation on
the development of microsomal enzymes would contribute basic information on
a radiation-induced biochemical defect which has not been observed previous-
1yo

Previous studies in this laboratory (1-5) demonstrated that the de
velopment of enzymes which catalyze the oxidative metabolism of foreign chemi=
cals in the liver is markedly inhibited by sublethal doses of ionizing radio
ationso In the initial attemnts to obtain some information on the snecificity
of the effect of radiation on microsome enzymesp studies were undertaken (6)
to ascertain whether development of the enzyme system that catalyzes reductive
changes in chemical agents is similarly inhibited by radiation. The reductase
system utilizes reduced triphosnhopyridine nucleotide and is present largely
in the microsome fraction of the liver (M)0 A cuantitative assay procedure
was developed and applied to the livers of normal and irradiated rats (6),

2.3



Measurementa of the reductase activity of the livers of young rats
indicated thrt the activity is below the adult level at 22 days of age but
it increases to the adult level much mocre rapidly than. the o~ddative micro-
siomal ernMeo (6)o Extposure of 23-day old rats to 4.00 r did not inhibit the
rate of development of the enzyne activity0 Thua evidence was obtained that
radiation has some selectivi1ty in its inhibitory effect on the development of
liver microsome enzymea,,

The apparent absence of an effect by radiation on the reductase system
indicated that reactions which generate the reduced triphosphopyjridine nualtwo,
tide required for both miorosome oridase and reductass activity are not af".
fected by radiation0 Direct evidence in support of this conclusion was ab-
tamned by maeasuring the influence of radiation on dehydrogenases whioh gener-o
ate reduced pyridine nucleotides (8,,9)o

Since the reductase activity of the livers of weanling rate reached
Whe adult level rapildly3, it segmed desirable to perform sowe exneriments on
hepatectomized rats,, Ths was done with the idea in mind that the reduotase
activity milght be low iinmediately after hepatectomy and increase at a slow
rate during regeneration of the liver as it does in tho case of niicrosome
odidase activity. T-oweverg when rats 1-eve exeosed to 200 x, of %.,ray at 18
hours following partial henatectony no offect by radiation wess noted on the
reductase activity of the livers at 2-,A/ days and at later intervals after
radiation thus indic:Rting, that tbhe reductase activity ia resistant to radi-
ation.

The pre~erat utudy has consisted of further experimr;nts cri the influ-o
ence of x-irradiation on the reductase activity of the livers of young VMal
rats and partially hepatectondzed adu.t rate. Me young animals used for
these experiments included scne that uzere less than 22 days of age in order
to obtain more defiritive information on the Influence of radiation given at
a time when -the enzy~ne activity was lotyo Smilarly by irradiwbimio of animals
and perfornanco of reductase assays rshortly after partial hop~tc tomy it was
hoped that further information could be obtained on the effects of radiation
on the development of the enzyme aectivity0 The results of those studies po-
vided additional information indicating theu the development of reductase ac-
tivity is not affected by r-irradiation at dosage levels that prrduce nearly
complete inhibition of oxidative ruicroocre enzyms

Materials and M'ethcds. Young and adult male Sprague-Dawley rats were
used fcr Mir" _eXpM9r.ents,0 The animals wara 1:ept in air-~conditioned rooms
end maIntained A 680 to 750 F. and vere fed Rcllenc Rat Diet and water ad
libitr-,

X-irradiation was rdndmristered as vingle whole body exoosurer. witbh a
G. E, Naximar Therapy Unit, The radiation factors were 250 OCP, 15 ma., 0 25
r 3 Cu and 1 mmc Al addc~d filtration, The target-animal dis- =-e was 75 Cm.,
and the done rate was 34r to 36 r -nor minute,

Reducta~e activity was measured by the method developed previously
in thic 1 aboratcry (6) -,
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Results

Rate of development of reductase activity in the livers of immature
rats In our previous studies on the reductase activity of the livers of1-
young rats, animals ranging from 22 to 42 days of age were used, However,
by 22 days the reductase activity reached about 75% of the adult level. Al-
though the results previously obtained on irradiated animals (6) indicated
that radiation does not inhibit the development of this enzyme, it seemed
desirable to conduct sme further experiments using rats that were less than
23 days oldo Prior to the radiation experiments assays were conducted on
normal rats at various ages beginning at 14 days of ageo The results of
these measurements are summarized in Table I in which the average and range
of values for groups of four rats are presented0

TAMIE I

Rate of Development of Reductase Activity in the
Liverrs of Young Male Rats

Reduct-Re Ati&
(ugm. of P-Aminobenzoic Acid/0 "0im of Liver/hro)

Ago (Days)Ag Dy)Free ITotal

Average Range Average Range

143.8 (3o3-11o0) 11o7 (11.2-12.5)

17 5o5 (5o2-5o9) M6(14.1-15oO)
22 4.9 (4.2-5-5) 23.1 (22.8-24.1)

26 9.6 (6-5-32-3) 32.4 (31.2-3307)

35 11o5 (!Ioi-!24o) 35.1 (33.2-36,5)

42 8.9 (809-93) 305 (29.0-32o0)

Reductase assays conducted on the livers of l14"day old rats demnon'
strated that the enzyme activity in about 1/3 of ths numnal adult level at
that age. The activity increased to about 3/4 of the adult level by 22 days
of age and to the adult level by 26 days of age.

Influence of x-irradiation on the development of reductase activity
in the livers of Enmature rats* The low enzyme activity in the livers of
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animals at less than 20 days of age made it possible to obtain more defini-
tive infor.rtion concerning the effect of radiation on the development of
this enzyme than could be obtained on weanling ratse To ascertain the ef-
fect of radiation on the development of reductase activity in the livers of
immature ratse 4001 r of x-ray was administered to groups of four animals and
they were sacrificed at various times after x-ray exposure. By comparison
of the level of enzyme aotivity in the livers of irradiated an:Lals and in
normal rats of the same age it was possible to determine whether radiation
had any appreciable influence on development of this systemo The results of
these measurements are summarized in Table 2t

TABLE 2

Influence of 400 r of X-ray on the Development of
Reductase Activity in the Livers of

Young, Hale Rats

Reductase Activity
(",r oof p'Aminobanzoic Acid/IOe mgm,

Age at Age at Time of of Tissue/Hour)
Tine Time of Sacrifice .-----. .

of X-ray Sacrifice After Xray Total
(Days) (Days) (Days) ___Toa

Average Range Average Range

1418 4 LoO (5-9-7-9) 184s (18.4-19.8)

li4 22 8 ~29 (2-5-3.7) 23-2 (21.8-24.5)

23 26 3 Lo00 (8.9-13.6) 31O (27-2-35o4)

23 35 12 1Oo8 (10o1-, 4) 308 (28.632,5)
23 44 21 32o3 (11i 0 31 7) 32.:O (30o3z,34.4)

------ --- =I-

When !4hday old rats were irradiated and assays were conducted four
dayv later, there was no inhibiticn of the development of the ensyne activity
and the level of enzyme activity was in fact senewhat higher than in unirradi=
ated rats of the same age. Animals irradiated at 14 days of age and sacri-
ficed at 22 days of age had exactly the same average reductaso activity as
unirradiated 22-day old rats, The ronulto of these neasuremnts clearly
denonstrated the absence of an effect by ra.diation on the normal de relopleat
of reductase activity in thu livers of young rats°

influence of x-irradiation on the reductue activity of rceeu.atint_,
rat liver a pverious study Ix we carled out sate measmrcmznts of i,
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reductase activity of the livers of partially hepatectomised normal and ir-
radiated rats, Although the previous study was incomplete, it suggested
that the reductase activity returns to normal rapidly after partial hepatecto
my, At the time intervals after irradiation and hepatectomy for which com-
parable data were obtained there was no difference in the reductase activity
of the livers of the two groups0 In the present investigation additional
experiments were conducted since the need for data obtained at short intervals
after irradiation was apparent from the previous ezxerimentso A series of
adultj male rats wasp therefore hepatectomizedo Some of the animals were
exposed to 200 r and others ware used as controls. Reductase assays were
performed on the livers of groups each containing four animals at various
times following radiation and partial hepatectomyo The results of these
measurements are summarized in Table 3o

TABLE 3

Effect of X-Irradiation on the Reductase Activity of the Livers
of Partially Henatectomized Rats

Reductase Activity
()igm. of p-Aminobenzoic Acid/O0 mgmo

of Tissue/Hour

Days After Dose of Days After
HepatectoW X-ray Xray Free Total

Average Range Average Range

1 0 . oo°o 10o9 (10o.6-1il) 26o5 (24o8-28.7)

3 0 oooo 44 (3-8- 4 -9) 3303 (32.2-35.2)

7 0 .... if8 (IIoO12,6) 38.l (37.h39-3)

9 0 o oo.6 (10.2-10.8) 32.9 (30.7-3403)

12 o 00000 8.9 (8.8=9.0) 29°7 (28.7-317)

3 200 r 2-/ 13o. (11,8_14,l) 307 (27-3-32,9)

7200 r 6 Uh01 (11l5-14-8) 34-o (j30.4-37,6)

10 200 r 9 7.3 (6.6-7o6) 31,8 (28°9-35,0)

The data obtained on unirradiated rats after partial henatectomy dimon-
atrated that the reductase activity approaches the normal adult level at 24 hours
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after irradiation and at three days after hepatectomy the enzyme activity
had completely reached the adult level, When partially hepatectomized
animals were exposed to 200 r at 18 hours after hepatectomy there was no
inhibition of the enzyme activity. Hotever 9 in view of the rapid rate of
return of the enzyme activity in the normal hepateatomized animals9 the use
of young animals was superior for studying the effects of radiation on the
development of this enzyme system.

Discussion

The present study was carried out to extend our ivevious experiments
on the effects of x-rradiation on the development of reductase activity in
the livers of rats° Since the activity of this enzyme reaches the adult
level at a younger age than do the d.crosome oxidases (11)p the use of rats
younger than 23 days of age was necessary. By the use of 14-day old rats
it was possible to demonstrate rather conclusively that radiation does not
affect development of this microsome enzyme system. On the other hand., par-
tially hepateetomimed rats were not suitable for measuring the influence of
x-irradiation on development of reductase activity because the activity was
almost at the normal adult level at one day after partial hepatectomy

The results of our studies on. the influence of radiation on the de-
velopment of reductase activity demonstrated that the development of this
mcrosome enzyme system is not susceptible to inhibition by ionizing radi-
ations* It thus appears that the i-ihibition of a microsome oxidase as ob-
served in other studies in this laboratory (1-5) is due to a specific effect
by radiation on some step in the reaction between reduced triphosphopyridine
nucleotide and the oridizable substrat- The absence of effects on the re-
ductase system will serve as an aid in further research aimed at elucidating
the mechanism of the radiationinduced defect in microsome iddases0

samxiar!

1. The reductase activity of the livers of normal imimature, male rate
ranging in age frow 14 to 42 days was measurado The results of these
assays demonstrated that tke enzyme activity was about 1/3 of the adult
level at 14 days of age and it reached the adult level by 26 days of
age!

2. Fxoosure of 314.day old rats to 400 r of x-ray did not inhibit the rate
of increase of the live, reductase activity to the normal adult level.

3, The reductase activity of regenerating liver was found to be near the
normal level at one day after partial hepatoctomy, The absence of an
amnreciable decreaso in the enzyme activity of the liver makes the
henatectmzed rat unsuitatle for &Itudying the influence of radiation
on the develotent of thxis enzyme



29

Ref'erences

lo Hietbrink, Bo Eoq Ezaq Eo Aop Ryanv Bo Ap and DuBois, Ko Pap, USAF? Radi-
ation Lab, Quarterly Progress Report Noo 412p January 15, 1962, po 28.

2o Hietbrinkp B. E.,. Ryan, B* A*, and DuBois,; K0 Po., USAF? Radiation Lab*
Quarterly Progress Report No0 4~3, April 15.. 1962, p. 76.

3. Hietbrink., B0 So, Ryanq B0 A., and DuBois,, K0 P., USAF Radiation Lab0
Quarterly Progress Report No. 449, July l~t 1L962, pe 55.

4. flietbrink, B. &, Keshmi~rig Mo0, and DuaoiSD KO Po, USAF Radiation .L1abo
Quarterly Progress Report No. 47, April 15.v 1963, p. 1.

5c Hietbrinc, B0 Eo, Keshmiri, M0, and DuBois, Ko Pop USAF? Radiation Labo
Quarterly Progress Report Noo 48, July 15P 19639 p. Ile

6o DluBois, K0 Pop and Hietbrinky Bo El,, USA? Radiation Lab0 Quarterly Propres
Report No0, 46,* January 15, 1963,9 Po 10

7o Fouts J0 ROD and BrodieN Be Bog Jo Pherrnacclo and KEcper. Therap0 v U19, 197
(19575 0

8c, DuBois, K0 P.0 and Raymund, Ao Bo, USAF? Radiation Labe Quarterly Progress
Report No0 44p July 15. 1962, pa 5

9o Dois$ K. P., lietbrinkl) B0 BE,, and Raymund$ A* B0 , USAF Radiation Lab.
Quarterly Progress Report No0 45., October 15. 1962.4 pe 12.

10o PuBoyla, K0 P.,* and Hietbreink, B. E., USA? Radiation Lab0 Quarterly Progress
Renort No0 47p April 15, 1963v P. 22.

U0. Murphyp SO~ Do, and DluBois., K. Pop J. 11iarraCO1 and Exper0 Therap0, 124,19
(1958) 0

9



PHAROMAOLOGICAL AND TOXICOLOGICAL CCMPOUNDS AS PROTBC VTVE M. THERAPEUTIC
AGT S AGAINST RADIAIMM INJURY IN EXPERlENTAM ANIMALS

Io The Influence of Various Chemical Counds on Radiation Iethalit
In Mce

Vo Plsak No Root Emd Jo Dhul

Thic reeort concers2 The survival time and mortality of male CF
mice treated with Vari -chemical compounds immediately pi-ior to the adinio-
tration of a lethal dose of whole-body x-irradiationo

Immediate or ultmate anolication of the results: To find chemical,
compounds caable of r ding cr nPre ve irortanI-I x-irradiated animals
and to elucidate some of the structure-activity relationships within groups
of related chemical protective agents* Although none of the currently availa-
ble radioprotective agents provide a practical solution to the problem of pre-
venting acute radiation injury because of their toxicity or relative ineffective-
ness9 the study of these compounds and related derivatives provides the most
logical approach to finding compounds with an improved therapeutic index. A
better understanding of the precise structural configuration(s) responsible
for maximal protective activity with minimal toxicity would also be of con-
aiderable value in furthering our kno;l4edge of the basic mechanisms of radi-
ation damage in biological systemso

During the past three months 36 additional ohmical compounds were
evaluated for protective activity against the lethal effects of whole bcdy
x-Irradiation in miceo Since our current studies on the mechsuism of action
of PAPP and acetylPAFP seem to implicate a cluinoid structure as the active
metabolite responsible for the protective effect of these phenones (1), it
was of interest to test benzoquinone and hyttrcquinone for radioprotective ac-
tivity as well as a number of quinoline mxide derivatives, The present reportb
also includes results obta'ined with several monomethyl and dimethyl arsonatesg
three related pyrazolidieso a thiocyclohexanep a number of triazolesp and a
few compounds which are derivatives of previously tested radiopvotective ccm-
poundso

Materlale and Methods, Adult 9 male CFI Carworth Farms ruice wee re
ployed for these studies--7, cicaposands ware lissolved either in water or in
propylene glycol and were administered intraperitoneally with the concentration
adjusted so that the animals received no more thian 1% of their body weight udth
each injectiono Preliminary toxicity studies were carried out with each com,:.
pound to determine the maximum amount of e~ch derivative which could be admiuiv-
tered to the mice without causing xortality due to the chemical toxicity,

At least two dosage levels of each derivative were employed for the

radiati-on studies and a .inimum of ton mice -aro tested at each donage level,

30
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The compounds vere administered 15~ minutes prior to the x-~ray exposure which
consisted of 700 r or whole-=body x-irradiaticn given as a single exposurb.
The radiation factors were 250 KYP, 15 maop target-.skin distance 75 om;,Oadded
filtration 0,25 m. copper plus 100 nmo aluminm;l and the dose rate was 40O r
per minute as determined by means of a 100 r Via toreen Ionization chamber in
ail~a Control animals were given comparable amounts of the vehicle and irrad=
ated simultaneously with the treated animalso The mortality in the control
and treated nice was followed daily for 30 days after the x-ray exposure or
until all of the animals were dead. A detailed description of the irradiation
prooedureq housing and handling has been included in previous reports (2)0

The USAF code letter designation and the source of the compounds in-=
eluded in this study are listed in Table la

TAML I

Source and USAF Code Number of Compounds Included
in This Report

USAF~Source of Compound
Designation

SK FEastman Kodak Company., Rochester, New York
AN Dr, R, M. Moyerman, Anmul Chemical Company, Marinette, Wiso,

A Dr. Do To Witialt, University of Iowaq Iowa City, lcaw&
A Dr. Ro Schock, Abbott Laboratories, North Chicagop Illinois

GE Dr, N: Weinerg Geigy Chomioal Corp.9 Ardulayp Now York
SZ Dro Lo B. Achors Sandoz Pharmaceuticals,. Hanover, New Jersey

ST Dro. No W. Standish, The Standard Oil Company, Cleveland,9 Ohio

Results

Prelinrytmciy tudies. In order to determine the maximm safe
dose for usei the radiation studiesp it. was necessary to obtain an appvrxi
mate LDC~ for the various compoundso Accordingly, =iall groups of mice were
injected-inta'aperitoneally with increasing dosage levels of each compound, and
the resulting mortality was recorded for a peridd of one week.c The results of
these toxicity tests are shown in Table 2o

Evaluation Of compounds for radiopEotective activity. Since the x-ray
dose usea for these studies usually produc~es 1006 mortality within a period of
i14 days, a caqmnd is considered to exhibit significant radioprotective activity
if it increases the ST5o by over five days or if it permits any of the treated
animals to survive for 30 days after the x-ray exposure0 The results of the
radiation studies may be seen in Table 2, Included are the names number, and
structural formula of each of the compounds the vehicle used for both the tex-
ioity studies and the radioprotective studies the increase or decrease (in days)
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TABLE 2

Acute Intraperitoneal Toxicity and Radioprotective Activity
of Various Chemical Compounds in 1,le OF1 Mice

Todiity Radiation Studies
Name and Formula of

Compoundq USAF No, and Vehicle
Used fcr Tcxioiy and Approxo Doae Change in Mortality

Radiation Tests L O in in at 30 Day

mgo/Igma gmo/kgmi, uays After X-ray

p-Benzoqulxone

EK-P-220 (H20) 010 3/0 4 IO.O
5 0 16/10

Hydreoquinone
EK-356 (110) O 38_,O

S(o)100-200 0 38/10O
50 0 :/lo

HO OH

o-Phanylenediamine dihydrc.-

chloride

EK-678 (H20)

2O ..-30o 200 3 1o1o
100 ' 1 10/10

NI *2HC1
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TABLE 2-ontinued

Toxicity Radiation Studies
Nam and Formula of

CoMpound9 USAF Noe and Vehicle
Used for Toxicity and Approxo Dose Change in Mortality

Radiation Tests L in i So in at 30 Dap
mgm /kmo Ingm-/plo Days After X-ray

a-Phenylenedl amine dihydra=
chloride

EK-206 (H20)
100 9/1o

10% 200 0 1 040

o2HCl

2-Amnoethanetholoulfuric acid

EI-8413 (o20) 300 +3 /10

HH Coo 100 + 3 9Ao

Para-methoV phenol

A= (PG)

CH2030 200 -49/0
0o1 20oo3o oo 0 1o/Ao

Tetramethylammoniu chloride

Ac=8 (%+/)
2575 +2 9/10

CH 50 + 2 10/1-0
C Hl

0113 -0



Table~ 2-=Cantiriued

NateandFozulaToideitY Rladiatioin Studies

(Compoundp, LWA~ Ho0 and Vebicola
Used fco' Twtdoity and Approxc, Ds Change in Mcortality

Radiation Tests LD9r0 in ini ST5)i at 3ODays

p'-D1mthaub&ene

AN-9 (MG)

~o~o 300 =7 10/10
30-00 101 8/10

Diedummahanearcntmo

H CAz' o611p

C4alcoium mtae-sac

AN-12 (H2 0) 300-1-03 i0/10
0 1500 200 3 1 100

ICH1 t
Magnsiu I Idya



I2ABI11 2-Conitinued

Name and Formula of oit Rda'nSude
Caimpoundp USAF No. and Vehicle

Used for Toxicity and Approxo Doze Change in Mortality

Radiabion Tests j D in___ ST 0 in atb 30 Days

Maguiesilm n, thanear'sonalue

AN-13 (H20) 10 ~L

j 0

Scdium~ ce~codylate

AN-3.4 (Ho) >1000 1000 510L/10

CH3KL AC.1---
Dipotassium methanearsonat3 '

0cc 200 10/10
CH 3 iAs -f

Mono~ionium 3tha-rersonate t

AN-3h (H20)

0 .Ou 1000 310/10
CH3Aa C1

E~on othicruccinimidG

W~ F)100-200 100 +3 6/10

50-N.061

H
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TABLE 2-Continued

Tmcicity Radiation Studies

Gcnpouadq USAYh Noo and Vehicle

Used for Tccdcity and Apprmox, Dose Change ina Mortality
Radiaticm Tests LD in in T5in at 30 Days

-4 /km Day After X-ray

1-Methyl-p-ainoethyltioao-
cyclohexne 200 4 10/10

A-25318 (H20) 200-300 100 0 10/A0

CH 3 SHC 2N~H1

1.2 Diphenyl44(2'-phenylaifi1-
ethl -3-pyrazo~ldinedi one

GF1 P)1020 100 0 8/10
0 5020 2 940

CO2OH'S

3 q5Dcolpey---ylW
pbeny1-4-n-butyl pyramolideae
(Tandearil)

GE1 ) HO0 100 210/10
100-200 50 0 9/10CH 3CH2 012CH2jc-

0-c '1 2 0

______I _ ____
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TABLE 2.-Continued

Toxicity Radiation StudiesName and orntula o _____________

Cupoid,- USAF Noo and Vehicle
Used for Tcaicity and Approzo Dose Change in Mortality

Radiation Tests Win in STo 0in at 30-Days
vWgo/kga mgmo/kgmo l qv After X-ray

3,95-Difte-li2-diphenyl-n-r butyl-
pyrazoliden (Butazolidene)

OB-15 (in)

H 0 I0U-200 100 59/101o o 00 90o
C30HC 2CH2 -2--

00 6/10

E-16 (29436) (PG) 100200 00 >

GE-7 (37665) (pa) 100200 100 + 4 6/10

GE-18 (37367.) (in) ] 100=200 100 -6 i0/10

G19 (29132) (in) 200-300 200 2 9/-O

100 + 8/10

OE-20 (3764o) (0) 100200 0 - 2 9/10

GE-21 (37641) (PG) 100-200 100 - 2 9/1050 1 10z/10o

GE-22 (HE-744) (in) 200 100 0 10/1

1 3 9/10
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TABLE 2--Continued

Toxicity Radiation Studies
Nmue and Formula of

Compound, USAF No. and Vehicle .
Used for Toxicity and Approx, Dose Change in Mortality

Radiation Tests Men in in ST o in at 30 Days
magmo7kga mgm/ogm. Dys After X-ray

GE-23 (W1,-lo) (1o) 300-500 300 2 9/10
100 ,+18 4

OE-24 (Hz7-78) (io) 300500 300 -4o10/o
100 -1 10/1O

GF,-25 (HE-749) (m) 300-500 300 -3 10/10
100 + 3 8/10

GE-26 (M-c750) (PG) 200300 200 -3 10/10
100 + 4 7I0

HL,-41 (2-534) (-G) 1OO-20o 100 0 IoAo50 - 2 io/1o

HL-4 (2-7561) (m) 2oo3o 200 - 6 10/10
o100 - I 10/10

SZ-5 (PG) 100=200 100 =3 0o/1o
50- J4 10/10

ST-15 (2092-2) (PO) 501oo 50 4 9/o
251 9/10

ST-16 (2 o925) (G) 200-300 200 *13 /io
100 + 3 6/10
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in the ST5 0 of the -eated mice in cnparison with that of the iltan¢Eosly
irradiates controls and th3 morta-11y at 30 days after the x 'ray exposureo

Bensocuincrnc and hydroquirnime represent respectively the oxidized and
reduced f =ma of the smrn ecapom.A9 vand viuce it ses likely from our current
studies vith FAPP and ac yyl PAXP that a quinlod structmoe mYW be the internedi-
ate metabolite ressnonsible for the foation of methemoglobin aftor the adminis-
tration of theae compd'ds, it waa of interest to test benzcquinone and hydr o
quinone to see whether they exhibited any radioprotective activity. The latter
compound (EK-356)q when administered at a dose of 100 mgm 1kgm. p permitted 20%
of the miee to survive the 30-day po-irradiation period. Decreasing the dose
to 50 mgm,/kgmo eliminated the protective effect. Figure I sh.oue this effect
of hydroquinone on the mortality of mice. In the same figure is shotm the pro-
tection resulting fron the use of 2-amnoothanethioloulfuric acid (EKo8413)
prior to a lethal x-ray e=cposureo At a dose of 300 ipo/kgmo 30% of the mice
survived for 30 days, while at a dose of 100 mgmo/kgmo !0 of the mice were
protected for the same period of tineo The ST50 in both Ynstances was in-
creased by three dayso Two mthoxyphonal derivatives were also studiedo
When p-mthovxyphenol (AN-7) was administered at a dose of 200 mgm/kgm'o it
afforded only minimal protection (10% of the mice surviving for 30 days),
while p-metho q benzene (AN-9) at a dose of 100 mgmo/gm. prottacted 20% of
the mice for the soma period of t mao Theso results may be seen in Figure 2.
Several aliplmtic comoundso monothyl amd dimethyl arsonates and otrsmthyl-
ammonium chloride, were includod in these testso Of these the latters when
given at a dose of 7o5 m aomkgnaq was slightly protective as evidenced by a
10% survival of mice for 30 days and disodimm mathanearsonate (AN-2O) protected
20% of the mice at a do.age level of 500 mq±n,/gmo Figure 2 shows the pro-
tection affozded by AN10o

Monothiosuccinimide (41 l) was administered at dosage levels of 100
me/gm, and 50 mgmo1gmo, and found to be effective at both doses in protecting
mice for 30 days after a lethal emnosure to' x-ray. Forty per cent of the animals
survived in both instances9 but at the lower level the ST was increased by 10
days over that of the simultaneously xixTadiated controlsp whereas at the higher
level it was increased by only three days, Monothiosuccinimide hydrolyzes to
form 112 S and succini-lde (3) and the mechanism of the protective act.on of this
compound is presumably related to this chenical degradation, Figure 3 shows the
protective effect of WIolo

Three pyrazolidenes (G&.3, GE-l49 GE-15), all dinhanyl derivatives and
all equally toxic9 were evaluated, Minimal radioproteative effects were evident
wihen a dosage level of 50 mgmAgmo of these compounds was employed with 10% of
the mice so pretreated surviving for 30 days after the otherwise lethal x-ray
exposure. In addition, when the phenylsulfinethyl derivative (GE-13) was given
at a dosage level of 100 mgm /kgmoo 20% of the animals survived for 30 dayso
Fiegre 3 shows the radioproeoctive effect of GFo13o

Eleven more compounds, tho namns and structures of which are not yet
rGleasedp ware also evalua-ted and of these six were significantly protective
(20% or more 30-day survivors)v and txee exhibited minimal protection (10%
survival for the 30-day postirrr.diation period),. Figure h shows the protection
afforded by the prc-irradiation adilnisatratin of 100 rgmi-A/k. and 50 mgm./kgm,
of GE-16 rnd that afforded by ICO mg and 50 mgmo/kmo of GE-17o The
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Figure lo Effect of hydroquinone (EK-356) and 2-aninoethanethiol
sulfuric acid (EK-8413) on survival of rce irradiated with 700 r of whole
body x-irradiationo
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Figure 2. Effect of p-dimethoxy benzene (AN-9) and dinodiua
methanearsonate (AN-0) on survival of ice irradihted with 700 r of whole
body x-irradiation.



10050 ,-- I CI 7 , /T j o"E- 13

80 -- Control

60 -

C,,

,\,

10 2 30

Days After X-ray

Figure 3a Effect of monothiosuccinimide (WI-I) and l,2-dIphenyl-

4(21-phenylsulfietyl)-.3,5-pyrazolidinedione (GE-13) on survival of mice
irradiated with 700 r of whole body x-irradiatona



43

80

.i 60

4~0

I. O r.)~ j:y Ci 1 6
. 50 C*.16

20<: " 1C .,uiC327

--- Control

0 10 20 30

Days After X-ray

Figure 4o Effect of GE-16 and GE-17 on axrvival of mice irradiated
with 700 r of whole body x-irradiation.



30'day survival was 80% and 40% respectively for the mice given GE-16, while
40% and 50% respectively of the mice given GE-17 survived for 30 dayso
Figure 5 shows the 30day survival data for compounds GE-19 and GE-23 where
100 mgm./kgm, of GE-19 permitted 20% of the mice to live for 30 days post-
irradiation and GE-23 permitted 60% to surive at the same dosage levelo
After 200 mgmo Amg of GE-19, the percentage of survivors was only 10% and
300 mgm./kgmo of 0E-23 reduced the protection of that compound to the same
level, GE-20, GE-21, and GE-22 protected only 10% of the mice from an other-
wise lethal exposure of whole body x-irrsdiationo When GE-25 and GE-26 were
administered at 100 mgm./kgm., 20% and 30% respectively of the animals sur-
vived the 30-day period after x-ray, In both instances a higher dose eradi-
cated the protective effects as can be seen in Figure 6o

Five more derivatives of compounds found previously to exhibit varying
degrees of radioprotectivity were included of which only two proved to have
any value as radioprotective agents. ST-15 protected only 10% of the mice
frot lethality, but ST-16 waa more effective as can be seen in Figure 70 At a
dose of 200 mgm,/kgmo 0% of' the mice survived for 30 days post-irradiation and
at a dose of 100 mgmokgmo 40% survivedo At the higher level the STu was also
increased by 13 days over that of the control mice simultaneously iradiated.

Thirty-six new compounds have been evaluated for protective activity
against radiation lethality in CF1 male miceo Of these 13 were significantly
protective in that they permitted 20% or more of the animals to survive an
otherwise lathal dose of whole-body x-irradiation Nine additional compounds
protected 10% of the mice for 30 days or more. The beat protection was ob-
tained with GE-16 where 8C% and 40% respectively of the mice pretreated with
two dosage levels of this compound survived for 30 days after the radiation
exposureo GE-23 protected 60% at one dosage level and 1% at the other dose
employed, whereas GE-17 allowed 40% and 50% of the animals to live for 30 days
after x-riy, ST=6, another compound for which a release has not yet been ob-
tained, protected 50% and 40% of the mice at the two dosage levels. WI-I,
monothiosuooinimide., was equally protective at both of the doses used, pro-
tecting 40% of the animals from lethality, The two compounds which protected
30% of the mice were GE-26 and EK-8413 (2-aminoethanethiolsulfuric acid). The
remaining six significant proteotors permitted survival of 20% of the miceo
They included: 'EK-356, hydroquinone; AN-9, p-dimethoxy bensenel AN-IO, disodium
methanearsonate GE-13, lI,2=diphenyl14(2 -phnylulfinethyl)-3,5-pyratolidine-
dione; 0E-25; and GF-19. Ten per cent of the mice treated with the following
compounds also survived for 30 days after irradiation: EK-206, m-phenylenedi-
mine dihydroohloride; AN-7, p-methoxy phenol; AN-8, tetramethylamionium
chloride; GE-14, 3,5=dimco-l-phenyl-2-p-hydroxyphenyl4-n-butyl pyrazolidene;
GE-1, 3,5-dioxo-l,2-diphenyl-4-n-butyl pyrasolidene; OE-20; GE-21; GE-22; and
ST-150
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Figure 5a Effect of GE-19 and GE-23 on survival of mice irradiated
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PHARMACOLOGICAL AND TOXICOLOGICAL CC1POUNDS AS FROTECTIVE OR THI APE'UTIC
AGENTS AGAINST RADIATIC INJURY IN EXPEJRIMENTAL ANIMALS

fEo The Effect of Post-Irradiation Administration of Sodium Sulfite
and dOther C7mpounds on Radiaion- Lthity in Female Mice

J* Dilley and Jo Doull

This report concernst The survival time and mortality in female CF1
mice treated therapeutica with 2-inino-thiazolidine-4-carboxylic acid,
sodium sulfite, and sodium sulfite plus l-cysteine after exposure to lethal
doses of whole-body x-irradiations

Immediate or ultimate apolication of the results: To find compounds
capable oreuing radiation injry when given after radiation exposure. In
previous studies designed to investigate the mechanism(s) responsible for the
radioprotective effect of cyanide and relatod nitriles, it was observed that
cyanide and one of its metabolites (2-Sdlno-thiazolidine-4-carboxylic acid)
exhibited therapeutic as well as prophylactic effects against radiation
lethality in mice. Although the post-irradiation protective effect of cyanide
is slight and that of the metabolite is only moderatey further studies on these
and related compounds are indicated because of the lack of agents exhibiting
this ability. The development of radioprotective agents which are effective
when given after radiation exposure offv.s in addition to the practical value,
a means for increasing our understanding of radiation injury and its prevention
and treatment.

In previous studies (1,2) we demonstrated that the administration of
2-imlno-thiazolidne-4=arbaxylic acid at 30 minutes after whole-body x-ray
exposure will aignificantly reduce the 30-day mortality in CF1 female mice,
The 2-i dno-thiazolidine-4-carboxylic acid und for these studies was an im-
pure preparation obtained by mixing cyanide a-ad l-cysbime in a 1 to 2 molar
ratios From additional studies, (3) it seems unlikely that the therapeutic
effect of this preparation against radiation lethality is due to the original
reactants or to other possible reaction productso If the protzctive effect is
due to the thiazolidine derivative, compounds which act at similar sites in
the biological system might also be expected to exert therapeutic effects
against radiation lethality in miceo The present report contains the results
of studies in which sodium sulfite alone and in combination with l-cystine was
administered to female mice at 30 minutes after they were given whole-body
x-ray emposureso

Materials and Methods0  Adult, female Carworth Farms OF, mice weighing
between 20 and 25 grams were used for these studieso The control and experi-
mental groups were selected from single shipments, housed in groups of not more
than eiht animals per cage in an air-conditioned room (80 F. Z 30 F-) and

4J9
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given food (Rockland Laboratory Chow) and water ad libitumo Aqueous so-
lutions of the compounds were freshly prepared just prior to their use and
were injected intraperitoneally in a volume which did not exceed 1% of the
body weight of the mice.

The x-ray exposures were Eiven by means of a Keleket X-ray Therapy
Unit which was operated at 250 XVP and 15 ma0 with IoO mma of aluminum, 0,25
mm. of copper and 10O cm0 of lucite added filtrationo The dose rate was de-
termined prior to each x-ray exposure by means of a 250 r Victoreen Ioni-
zation Thimble in air. In order that the x-ray exposure time would be as
short as possible, the exposure cage was placed as close to the x-ray tube
as was possible without removing the tube shieldo Under these conditions
the target-skin distance is about 25 om and the dose rate is about 235 r
per minuteo Both the control and experimental groups of mice ware irradiated
simultaneously and the weight and mortality in each group recorded daily for
30 days after the x-ray exposura or until all of the mice in each group were
dead.

Results

Deterumnation of the toxic dose of sodium sulfite in CF7. female mice.
Fresh aqe s-on- f-nbydrous sodium sulfite (CP, Jo Po Bak h- al
COop Thiladelphia, Pao) were prepared and injected intraperit. neally into
groups of five female CFi mice at each dose levelo The solutions were pre-
pared so that the. total volume injected into each animal did not exceed 1% of
the body weight0  Mortality obiervations made daily for a period of ten days
indicated that the approximate 'D50 for sodium sulfite given intrapritoneally
to OFi female mice is about 900 ogm./kgmo

Survival time and 30-da' mortality in C7 female mice give- sodium
sulfite -i or without cys no and 0
2-mno-thiazo'ludin -caaboxylic acid t0 minutes after who
exosureso ce 2-Imino-thlazo.i-ine acid ai I on "

undereo many similar reactions with cyanide including an analinus reaction
with cystine (M, it was of interest to determine whether sulfite would ex-
hibit therapeutic effects when given to x-rayed miceo In previous studies
the maximum therapeutic e2fect iith 2- ino-thiazolidine-4-caboxylic acid
was obtained when this ccmpound was given at 30 minutes after the x-ray ex-
posure and a similar interval was, therefore, selected fo the present studies
with sodium sulfite. Six groups each of which contained 16 feiale tF' mice
were used for these studios, Two of these groups were given sodium aEfite
(300 mgmo/gm. intraperitoneally) at 30 minutes after the end of the x-ray
exnosure (600 r whole-body)o One group was given 500 mzgm.-Agmo of 2-iano-
thiazolidins-4-carboxylic acid at 30 minutes after exposure and the fourth
group was given 750 mgmo/kgm, of the thiazolidine derivativeo The fifth group
of 16 mice was given sodim sulbite (300 mgmoAgm, intraperitoneally) ,l u
1-cystine (500 mT°n./gmo intraperitoneanly), and the sixth grou waa given
comparable amounts of distilled water (controls)0  The thiazolidine derivative
used for these vtudies was prepared and partially purified using the method
of Schoberl and Harm (5) except that the treatment with copper was replaced
by treatment with H2S to remufre excessive lead. Using this modiflicatitz it



was possible to obtain colorless needle crystals and a light broin granular
matelal which was about 80 soluble in water° A filtered solution of the
granular m terial was used for the present studies in which the concentration
of the solution was adjusted so that the animals received about 500 mgmo/kmo
of the thiazolidine derivative. The sodium sulfite-cystine solution was pre-
pared by dissolving the cystine in a dilute alkaline solution and adding the
sodium sulfiteo The solution developed a slightly bluish hue which soon dis-
appeared after which the solution was administered to the irradiated animalso

The results of these studies are summarized in FlIgure lo FifiV per
cent of the mice treated with the large dose of the thiazolidine derivative
(750 mgm./kgmo) survived for 30 days after the x-ray exposure whereas only
25% of the animals given 500 mm/ofkgmo of this compound were alive at this
time. Eight of the animals in one of the sodium sulfite-treated groups were
surviving at the end of the 30-Jay observation period but there were only
three survivors in the other group so that the combined survival in the mice
treated with sodium sulfite was about 34% (3I out of 32)o Three of the 16
mice given water after the x-ray exposure (controls) also survived for 30 days
and there was one animal surviving which had been given sodium sulfite plus
cystineo It is evident that sodium sulfite is less effective than the thia-
zolidine derivative as a therapeutic radionrotective agent when given at 300
rmo/kgmo Additional studies are in Trogress to determine whether the thera-
peutic effects of sodium sulfite are improved when this agent is given at
different time intervals and to determine whether increasing the dose of
sodium sulfite increases the theraneutic effect. The lack of effect when
the sodium sulfite is given in combination with cystine is of considerable
interest since cystine alone does not markedly alter the 30-day survival of
xirradiated animals (3)0

Discussion

The demonstration of a significant protective effect following the
post-irradiation administration of sodium sulfite to x-rayed CF female mice
is of interest in view of our previous findings concerning the herapeutic
effectiveness of a naturrl metabolite of cyanide, 2-imino-thiazolidine-
4-carboxylic acido Both sulfite and cyanide are known to exert an inhibitory
effect on several porphyrin-containing enzymes incluiing the cytochromes,
catalases and peroxidases as well as hemoglobin, In many cases this inhibi-
tory activity is readily reversible if cystine is given at the same time r
immediately afterward. The fact that in these series of experiments we were
able to abolish the protective effects of sodium sulfite by giving cystine at
the same time suggests that these particular enzyme systems may be target
molecules for damage produced by irradiation This effect is probably not
seen with cyanide since it reacts directly with cystine very quickly, even
at room temperature. While sulfite ion undergoes an analogou, reaction it
takes place much slower0

Recently McLeod et al, (6) have described a microsomal2 substrate-
snecific enzyme which theynamed sulfite oxidaseo This is a hemoprotein
whose adsorntion snectrum in the reduced form resembles that of oytochreme b o
They found that a variety of molecules including oxyfen9 cytochrome C and
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Figure l SUrvival time and mortality in OFi female mice treated
with various compounds 30 minutes after exposure to 600 r whole-body x-ray.
(The nunbers in parentheser indicate the number of animals used in eaoh
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mothylene blue will act as electron acceptors for the reduced enzyme. The
reaction which they used to measure the enzyme activity is as follows:

SO3 + H2 0 + 2 ferricytochrme a O0 + 2H 2 ferrocytochone o

Previous studies in this laboratory by Sandberg end Doull (7) have shown
that the cytochrome system is slightly inhibited by.a single lethal exposure
to irradiation in the intact mouse and further studies are planned to see if
this effect can be 'prevented by therapeutic treatment with sulfiteo

In addition to the above consideration for the possible mechanism
of protection with sulfite, it is of interest to look at its reactions with
the molecules which contain disulfide bridges essential for biological ac-
tivityo Baily and Cole (8) have studied some of these actions in cystineq
insulin, trypsin, chymotypsin, and glutathione and have proposed the follow=
ing general type reactions

R-,=SLR + so;-+ R-S-SO3 + R-S-

If disulfide bridges are formed by ionizing radiations as indicated by Barron
(9), then the presence of sulfite may be an important factor in the preser-
vation of certain enzyme systems in their active state Since cyanide has
been shown to undergo a similar type reaction (10)., further studies of this
reaction in normal and x-rayed animals are indicated. Although sulfite was
less effective in the present study in preventing radiation lethality in
mice than the thiazolidine derivative, it is a more useful agent for investi
gating such effects since it is easier to obtain. purify, and administer, and
its reactions are better understood than those of the thiazolidine derivative
of cyanide. It is planned,9 therefore, to extend the present investigation
with sulfite to determine the optimal time and dosage level for this agent
and to compare its effectiveness against a spectrum of radiation doses.

The post-irradiation administration of sodium sulfite at a dosage
level equivalent to about one-third of the LD O for this agent has been shown
to significantly increase the number of anias (CF1 female mice) surviving
at 30 dpas after 600 r of whole-body xrirradiatiro- Comparison of the thera-
peutic effectiveness of sodium sulfite with 2-imrno-thiazlidine-4-carbaxylic
acid indicated that on a molar basis, but not on a mpo/kgm basis, soduw m.ul.'
fite is somewhat more effective in preventing radiation lethality in mice0 The
therapeutic effect of sodium sulfite in x-rayed mice can be eliminated by the
simultaneous admdnistration of cystine,
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PHIARMACOLOGICAL AND TOXICOLOGICAL COIPOUNDS AS PROTECTIVE OR THERAPEUTIC
AGENTS AGAINST RADIATION INJURY IN EXFERIMENTAL ANDIALS

111o Metabolism and Excretion of RAminopropiophenone in Nice

Jo Doull and Vo PIzak

This report concerns: Measurement of p-aminopropiophenone (PAPP) a-d
its acety r erivatve-a-ey! PAPP) in the blood and urine of Ct I female mice,
the conversion of PAPP into a methemoglobin-producing substance and the de-
tection of this substance in the urine of mice given various dosage levels of
PAPP-or acetyl PAPP,

TImediate or ultimate application of the results: These studies consti-
tute part of a program designed to obtain nfR ion concerning the toxic and
radioprotective effects of the currently available chemical radioproteotive
agentso Since the radioprotective effects of p-aminopropiophenone are thought
to ba due to the production of anmna in radiosensitive tissuesi aid this effect
is attributed to the methemoglobin-producing ability of PAPP, it is of interest
to investigate the factors involved in the PAPP-induced methemoglobinemia to de-
termine whether they can be correlated with its radioproteotive activity

In previous studies (192) we have investigated the toxicity and radio-
protective effects of PAPP and its acetyl derivative in male and female mice
and rats0  Although the toicdity of PAPP to male rats and mice is similars fe-
male mice are more resistant and female rats are mare susceptible to the toxic
effects of this agent than males, The toic effects of PAPP are not directly
related to the radioprotective activity of this compound since both male and
female rats and mice exhibit comparable protective effects when given the same
dose of PAPP prior to whole-body x-ray exposure. Furthermore, the radiopro-
tective activity of both PAPP and acetyl PAPP appears to be relatively inde-
pendent of the administered dosage level providing the threshold is exceededo
In view of these findings. it was of interest to determine whether the toxic
or the radioprotective effects of PAPP (or perhaps both effects) can be corre-
lated with the ability of this agent to produce mothemoglobinemia in rats and
mice. Both PAPP and acetyl PAP? produce delayed toxic effects in rats and mice
and it is difficult to attribute these effects to the transient methemoglobinemia
produced by these comipoundav However animals which are treated with either
compound frequently die when placed under conditions which increase their
respiratory needs (hypoxi.4 increased environmental temperature, etco) suggest-
ing that the methemoglobin-induced anoxia of PAPP is responsible for the acute
toxic effects of this agent0 Similarly, the radioprotective effects of these
agents do not correlate well with their methemoglobin-producing effects, Al-
though the time of onset of the methemoglobinemia and radioproteative effect is
similar in mice given PAP., the protective effect precedes the methemoglobinemia
in mice treated with acetyl PAPo The duration of the methemoglobinemia in



PAPP !,eated mice is also much longer (thres to f our hours) than the protective
effect In -these animals (less than one hour) whereas the'duration of the two,
effects is more closely corrrelated in mice givoan acetyl PAPP, Methylens blue
which reduces metheinoglobin forration in both rats and mice also dearease
radioprotective effects but high pressure oxygen exposure which increases
methemoglobinemia eliminates the raiproective effects of the agents o

In additional studies we haave also demonstrated that both PA?? and
acetyl PAPP mst undergo an in vivo conversion since neither agent converts
heraoglobin to rmethemoglobin TTI 'ric. This co-aversion occurs prbnarily in the
kidneyt; although other tsu O r spleen., heart) ara capable of converting
PAPP Into the mthaiaglobin-produa:Uag _,gent, It was of interest 9 thereforeq to
determine whether the me'unrjemobin"producing substance could be detected in the
urine and whetliat, the urinary l~evel oulxd be related to tha urinary or blood
levels of PAPo. It was also of interest to follow the urinary excretion &f PAP?
and to detsraine whether this aigeat is acetylated prior to excretion.

M'a"Arals an6 Mathody. Aduilt, fenialo Cavrworth Farms OF-, mice weighing
betueou ~WT2 grams were emplayed for these stuies , The animals were given
food (Itocktland Laberatory Food) and water ad libitum prior to the urine ool-.
lectlon pariodo but wore given only Twalter TU -- 214'hou period in which
they were in the urine collection appartus. The animals wore caged in groups
of ten nice during the urine collection period and the urine was collected hour-
ly using a fr-action collocatm-. Me solutiona of PAP? and acetyl PAP? were pre-
pared freeah2q using propylene glyao2. as the vehicle and were givena intraperitc'
neal'ly imudiately prior to the vrine ,.ollection periods,, The concentration of
the in~jection solutions wias adju~sted so that none of the mice ware given over
2:4 of '-heir body weight0  The ccntrol groinlps of mice were given comparable
amounto of propylenAe gly~o1l,

The .wine samples were assayed fo r nethemoglobin'-producing aubstance by
adding M52 -to lo5 mlo of urine to Oa? ml, of freshly-drawn mouse blood, incu-
bating for 30 minutes amd then deteriing the conversio)a of hemoglobin to
methemoglobin using the Evelyn Malloy ruethod (3) The Brattaa-MarshaUl method
for siulfanilamides (4k) was uscd to determine, the urinary contbent of PAP? and its
acetyl derivative0 Since this 2vel-hod dep--nda on the diazotization of a free
amino group on a benzene ringf, it scec-d likely 'that it -might be satisfactory
for the aisrement, of both PAF, :n6 ~ PAP?0

RC~fr31,"a

Evaluation of the Bratton-1srehall. sulfanilamide method for -the measure-
ment of 'RPP-Mn nctPP the bleod and urine of Ffe lemice. T9 do-
termina hE ther the Bratt~n-Ma,&hqJi:thod wuuld be auit-bl Lnvetigating
the distribution and excretion of PAPP it was nuceeasary to determine firet
whethe:r any modification of the mothod was required and second to determine t'wh3
sensitivity of~ tho rmethod f'or PAPP, 3**tandlard solutions coznining 1 mg., of PAPP
or acetyl PAP? ware prepared in 50A propylene glycol and further' dilwbed with
water to obtain concentrationa of 10 t-j l00 gama of each agent pw mlo Analyto
cis of thase solutioas using the BReaton-Ilaruhall. method indicated that a linear
response could be obtained within the coacent--ration ranga of I tbroulh 25 gaima
using a wave length af 54h0 rqA Th3 color wzvich developed with PAP? rao more
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purple than that which is seen with the sul'anilamides but the use of filters
having wave lengths of about 510 .p or 560 mp did not markedly improve either
the sensitivity or the range of the methods The acetyl derivative of PAPP
gave no color when treated in the same manner as PAPP but acidification and
boiling of the standard solution for one hour to convert the acetyl derivative
to the free amine permitted the measurement of the acetyl derivative without
significant losso Standard solutions of acetyl PAPP which were permitted to
stand for periods of 24 to 96 hours prior to analysis were found to exhibit
some hydrolysis (10% to 25% in 24 hours) indicating that fresh standards of
this agent must be prepared daily for use with this method0 When PAP? was
added to mouse urine or blood at concentrations of between 10 and, 1,000 gamma/
mlo, it was possible to detect between 96% and 102% of the agent'following re-
moval of the proteins with 3, triohloracetie acido It is apparent from these
studies that the Bratton-Marshall method is suitable for the analysis of PAPP
and its acetyl derivative in the urine and blood of mice. However, since the
method is specific only for the amino group of PAPP, it does not provide infor-
mation concerning metabolic changes in the rest of the molecule0 Additional
studies are in progress to develop analytical procedures which can be used to
follow the changes in the phenone portion of PAPP and its acetyl derivativeo

Urinary exaretion of . PAPP and acetyl PAPP in CP' fem-le mice. Six
groups of COF female mice, each owici conlained ten ani aWwtege-used for
these studies* Three of the groups were given 10, 20N or 30 mgmokgmo of PAP'
intraperitoneally and the remaining three groups were given 10, 30, or 60 mgre/
kgmo of acetyl PAPP by the same route The mice used for these studies weighed
about 20 gra-ms and they were each given 0,1 ml. of the injection solutions which
contained 2 4, or 6 m~p, of PAPP/ilo or 2, 6q or 12 mp, of acetyl PAPP/mlo in
propylene glycol, After the mice were injected, they were immmdiately placed in
a metabolism cage (at about 9:00 AM)) and the urine collected for a period of
24 hours0 A1lthough the urine samples were taken hourly, many of the samples
were pooled because of the small volume of urine produced and the results shown
in Table 1 are for pooled samples covering the periods of 0 to 6., 6 to 12, and
12 to 24 hours0 The sampleB were analyzed for free PAPP using the Bratton-
Marshall mathod described in the previous section and for bound or azetylated
PAP? by the acidification and heating method described for the analysis of
acetylated sulfonamides,

Dvring the first few hours after the administration of either PAPP or
acetyl PAPP, the mice were depressed and their urine production was amallo The
urine output was greatest during the 12 to 24-hour period after the adminis=
tration of the PAPP or acetyl PAPPo However, in all of the studies, this period
occurred during the night uhen the animals are normally active. Neither the
PAPP nor the acetyl PAPP appeared to markedly decrease the 24-hour urinary out-
put since two groups of controp mice, given ecmprable amoubts of propylene
g4vol only,9 had 24-hour urinary outputs of 14.8 mle and 7ol al0 respectively

The results of the PAPP and acetyl PAP? determinations in the urine
samples of these animals are summarized in Table la It is evident that the ex-
cretion of PAPP is greatest during the first six hours after the agents are ad-
ministered0 In several of the experiments in which it was possible to obtain
urine samples at more frequent intervals during this first 6-hour period, the
greatest excretion of PAPP was observed during the 2 to 4-hour period at which
time most of the mLce were beginning to recover from the depressant effects of
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TABLE 1

Uriuary Excretion of PAP? and Acetyl PAPP
in FI FFemale Mice

Urinary Recovery

Administered Hours of Urine Urine Volurw (ug~m of PAPP)
Dose in gr0/kaogm Collection in Mi If

_ _ _ _ _ _ 
Ttal

0 to 6 2.8 98 690 788!0Oof P
6 to 24 1oo 127 168 295

0 to 6 304 668 972

20 of PAPP 6 to 12 3,,1 123 137 260

12 to 24 7-3 181 83 264

0 to 6 3 ,7 482 982 1424

30 of PAP 6 to 12 0°7 148 97 245

12 to 24 10.5 173 130 303

10 of Acetyl o to 6 2,0 38 487 525
PAPP 6 to 24 34.1 190 108 302

0 to 6 2.3 137 801 938

30 of Acetyl 6 to 12 2'8 120 152 272
PAPP

12 to 24 13.4 209 88 297

o to 6 4.8 587 2128 2715
60 of Acetyl A.0)9 12 196PAI_ 6 o_ _ 09 53 2 j 49

32 to 24 6.5 275 2o 580



the agentso In these studies the injection solutions were also used to prepare
the standard solutions for the Bratton-Marahall method so that the recovery of
injectad PAP? or acetyl PAPP could be determined for each excretion group* The
total recovery of the injected PAPP in the 24-hour period was 54.2% for the
group given 10 mgm of PAPP/kgmo and was 37.4% and 320&% for the groups given
20 and 30 mgmo of PAPP/gmo respectively, If the acetyl PAPP results are cor-
rected for the difference in molecular weight (192 grams aeotyl PAPP equivalent
to 149 gra "'of PAPP) then the total urinary recovery of acetyl PAPP in the
three groups was 53o0%, 32o2%, and 37.9% in the mice receiving 10, 30 and 60
mgmO acetyl PAPP/gmo respectively, Thus it is apparent that the most complete
recovery of the injected agent is attained when low dosage levels are givene
However9 eveni in this situation almost half of the administered material is not
aocounted for by .urinary excretion aloneo

A comparison of the free and bound (acetylated) urinary content of PAP?
indicates that# in the PAPP-treated mice9 during the early period most of the
PAPP is excreted in the bound or acetylated form (about 75%) whereas during the
later periods there is more free PAPP in the urine than acetylated PAPPo The
same pattern can be observed in the animals given acetyl PAPo The detection of
free PAPP in the urine of the mice given acetyl PAPP is of considerable interest
since it indicates that the acetyl PAP? is de-acetylated in vivo in micea It is
evidentp thereforep that both PAPP and its acetyl deiva ~ve ae excreted in the
free and bound formsm

Conversion of PAPP and acetyl PAPP into a methemoglobinproduoing sub a
stance and its subsequent excretion in the uine of CF1 female miceo Preliminary
stud ies were carried out to determine whe amethemoglon-progucing substance
could be detected in the u.ine of female mice given either PAP? or acetyl PAPP.
For these studies a 24-hour urine sample was collected from groups of ten animals
which had received PAPP (30 mgmrA-gm. intraperitoneally) or acetyl PAP? (100
mg1-/gme intraperitoneally) and froom a group of control animals which had been
given comparable amounts of propylene glycol. Various amounts of the undiluted
urine samples were added to 0o2 ml, of freshly drawn mouse blood and after a
60-inute incubation period# the mixture was analyzed for conversion of the
hemoglobin to wmthemoglobin. The results of these studios are sunmarized in
Table 2 where it dan be seen that the per cent conversion of hemoglobin to
methemoglobin appeared to be related to the amount of urine added and that the
control rine did not cause appreciable methemoglobin formation, An additional
sample of the control urine to which PAPP had been added (I mgmo/mla) was also
incubated with mouse blood and since there wau no methemoglobin formation in
this samplev it ib evident that the conversion of PAPP tnto the methemoglobin"
producing substmce does not occur in vitro in urineo 'It was OZ interest to
determine whether the methemoglobin-prod=ung substance presetS" in the urine
was stable and for these studies the urine samples used for the above atudies
vw pemvtted to stand for pri Ous or Z4 or 46 hours (in a refrigerator) after
wlach they were retested ior meoheengio-oan-proiuoing ability. Ti e results of
these studies are also shown in Table 2 where it can be seen that there was
only a small decrease in the metheoglobin-producing ability of the urine
during the two-day period0  It is evident, therefore, that the methemoglobin-
producing substance which is formed when mice are given either PAPP or acetyl
PAPP is excreted in the urine and that the substance is relatively stable when
kept coldo Additional studies are in progress to determine whether heat, pH
and other factors influence the stability of this material and to determine
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TABLE 2

Studies on the Methemoglobiu-Producing Ability of Urine
froM tF1 Female Mice Given PAPP Acetyl PA1P or

Thopylene Glycol (Controle)

Incubation ixture
Per Cent Conversion of

Souree of Urine Hemoglobin to
Urine Water Blood Metlxemoglobin
mlo m1l0  ml1o

0,5 103 002 211

10 mice given propylene 110 0oB 002 119
glycol

1043 0.2 2.6

0-5 1,3 002 13o9
10 mice Even PAPP 0 8 0°2
(30 mgmo/gm) 0

1.5 o3 0.,2 44.7

13 032 23,6
10 mice given Acetyl 02 449
PAPP (100 mp/) 00

105 0,3 0,2 73.7

0,5 1.3 0,2 000
Control urine plus PAPP 1)0 08 0°2 130

1,5 o.8 0.2 00

Urine from PAPP-treated o.5 i,3 0.2 326
mice stored for 24 130 0,8 02 2O01
hours at 5O C,

Urinte from PAPP-treated 0,5 1,3 M° M0 4mice stored faw 48

hours at 50 0, 110 0,8 0,2 l6.8



61

whether it is as effective in producing methemoglobin in the blood of other
species as it is in mlceo Studies sre also in progress to determine whether
the concentration of the methemoglobin-producing substance can be expressed in
terms of nitrite equivalents since no standard is as yet available for the ma-
terial which is derived from the PAP? and acetyl PAPPo

Since the preliminary studies demonstrated that it is possible to de-
tect a methemoglobin-forming substance in the uwine of mice given PAPP or acetyl
PAPP, it was of interest to determine whether the presence of this material is
correlated with the urinary levels of PAPP or acetyl PAPP. Methemoglobin de-
terminations were, thereforep carried out on several of the urine samples used
for the PAPP and acetyl PAPP excretion studies The results of these studies
are summarized in Table 3. It can be seen that there was no detectable Methemo-
globin producing substance in the urine of the mice given the low dose (10 mgmo/
kg.o intraperitoneally) of either PAP? or acetyl PAPPo When the dosage level
was increased to 20 agm.Agmo of PAPP and 30 m cgm0 of acetyl PAPP, the
methemoglobin producing substance was detectable during the first six-hour
period of urine collection and also during the second six-hour period in the
mice given the PAPP0 There was no methemglobin-producing substance in the
urine of the mice obtained during the 12 to 24-hour collection periodo How-
ever# in the animals which received the two highest dosage levelts of PAPP and
aoetyl PAPP, the greatest amount of methemoglobin-producing material was found
in the urine which was collected during the 12 to 24-hour periodo It is likely
that this is due to the fact that these mice produced little urine during the
first 12 hours after they had been given the PAP? and acetyl PAPP but additional
studies will be required to determine the relationship between urine volume and
excretion of the methemoglobin-producing substanceo

Discussion

In previous studies (192) we have demonstrated that the methemoglobinemia
seen in mice given PAPP occurs shortly after its administration and persists for
several hours depending on the dose administeredo The initial level of methemo-
globinemia in such animals is relatively independent of the dose of PAPP, how-
everp within a range of doses of 10 to 60 mgm./gmo intraperitoneallyo The onset
of mathemoglobinemia in mice given acetyl PAPP is slower and the effect persists
for a longer period although the level of methemoglobinemia is comparable to that
seen in PAPP treated animals, In mice which have had most of the liver removed,
there is a marked delay in the onset of the acetyl PAPP-induced methemoglobinemia
but not in that which is produced by PAP?0 From these studies we have suggested
that acetyl PAPP must first be converted to PAP? (in the liver) and that the
methemoglobinemia then results from the subsequent conversion of PAP? to a
methemglobin-producing substance (mostly in the kidneys). The demonstration
in the present studies that free PAP? is excreted following the administration
of acetyl PAP? supports this hypothesis and the further finding that PAP? is ex-
creted in both the free and bound forms suggests that there is an equilibrium
between PAPP and acoetyl PAPP in vivoo These studies indicate that both PAPP and
acetyl PAPP are rapidly excte T- stly during the first few hours after adminis-
tration) in the urine although less than half of the injected material was ac-
counted for in either the free or acetylated forms in the urine during the first
day after administration
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TABL 3

Fzxcretion of a Methemoglobin-Producing Substance in the Urine
of cF I Female Mice Given Various Doses of PAPP or

Acetyl PAPP

Administered Hours of Urine Aiquot of Urine Per Cent

Dose in mgma/kp, Collection Used for Test Methemoglobi-( Io)Foration

o to 6 05 0
1o0 0

10 of PAPP
6 to 24 0o5 0

0

o,5 32.4
o to 6 1.0 22,6

1.5 5005

20 of PAPP 6 to 12 05 6.8
100 116

12 to 24 0°5 0
100 0

005 3 o4
o to 6 1,0 791125 l oo

o.5 5.6
30 of PAPP 6 to 12 100 12M2

3I,5 17.1

05 7.6
12 to 2, 10 1511.5 51.4

0 to 6 05 0
1,0 0

10 of acotyl PAPP

6 t:o 24 Oo5 01,O 0



TABLE 3-Continued

Administered Hours of Urine AIiquot of Urine Per CentDose in mgmo/kgm. Collection Used for Test Methemoglobin
(Dae) Formtio

005 1.8
o to 6 1.0 3.21 15 4.7

0%5 0
30 of acetyl PAPP 6 to 12 100 0

1°5 0

0°5 0
12 to 24 10 0

1o5 0

0.5 3.3o to 6 100 7o9
1.5 17,0

0o5 2.4
60 of acetyl PAPP 6 to 12 100 1242

1o5 19.7

0.5 13.9
12 to 24 10 18.5

1.5 447
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The present studies have demaotrated that a methemoglobin-producing
substance can be detected in the u-ine vf irdce given either PAP? or acetyl PAPP
and that it is not formed when PAP? is added to urine in vitro0 The excretion
of this material in the uine of mice appears to be reT1b o the urine volume
although additional studies are required to characterize the excretion patterns
more fullye It would appearp thereforeq that this metabolic product of PAPP
end acetyl PAPP is excreted in a somewhat different pattern than the original
substances and this observation may be useful in characterising the Methemo-
globinemia effect of these agents0 Since the method used for the detection of
PAPP and acetyl PAPP in these studies is also applicable to blood, it should be
possible to investigate the tlme course of both the mthemoglobin production
and the blood levels of the free and bound PAPP in the same animalso

We have previously sggested that the motabolic product of PAPP which
is responsible for the miethemoglobin production is a quitoid derivative and
that it may be a resonating quinoidr It is possible that this substance might
be responsible for the radioprotec'tvo effect of PAPP and simila, phenones and
that it is acting as a free radioal seaven-er rather than through the methemo-
globin-forming mechanisma f this were the cases then the ability to detect this
agent in the urine may be of conaidorable value in investigating its effects and
may even provide a source of the matril since i appearas to be relatively
stable0  We have been unable up %o the present -bime to find a source of PAPP
derivatives of this type although several related quinones hame been obtained
and are being tested for radiopreeotive effects in d.ceo Isolation and identi-
fication of the methemoglobia-producing agent from the urine would facilitate
further studies and it is planned to carry out such procedures during future
work on this problmi

L A standard mothod fo_-r the detection of free aitd bound sulfonamides has been
used to investigate the excretion of PAF? and aeetyl PAPP in the urine of
OF fonmale mice° Thin mithod which depmeds on the diazotization of the free
ano group and subiequ~e't coupling with an ethylenediamine derivative was
found to b suitable for the neasurement of the phenone derivatives in the
blood and urine of mice at concentrations of I to 25 gwmia per m10

2. Both PAPP and acetyl PAP are excreted rapidly in the urine of CF1 female
mica when given by intraperitonsal administration although higher dosage
levels which depress the animals delay the excretion by this routeo With
low doses (10 mgmo/kgno intraperitoneally) of these agents about 50% of the
adinistered agent was recovered in the free or acetylated fwm in the urine,
Lcwer recoveries were obtained when the dosage level was increaced During
tho ap. l period (0 to 6 hours) after the administration of either PAPP or
acetyl PAP?0 most of the agen"; in the urine in present in the aceatlated
form whereas the reverse situation occurs at later intervals (12 to 24
hours)o Acetyl PAPP is excreted in the urine of CF, female mice as free
PAPP as well as in the acetylnted farr indicating that this agent undergoes
a partial in vivo de-acetylat.ot prica to oxo±etion0

3., A rthmodlobin-fowmiug oubstauco ;-ao detected in tho urine of CF, female
mice given either PAPP or acetyl PAPP This cubstance appeared to be
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relatively stable when kept coldo Preliminary studies have been canrled
out to determine whether the urinary concentration of this material is re-
lated to the urinary concentration of either the free or bound forms of
PAPP.
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THE INFLUENCE OF EXPOSURE TO LOW D',VELS OF C*AI4J AND FAST
NEUTRON IRRADIATION ON THE LIFE SPAN a? ANIMAIS

I Current Status of the Chronic Lmw Level Fast Neutron

A. Sandberg and J., Doull

This re ort concernsa Survival data for CF1 female mice exposed to
fractionated chronic fast neutron irradiation at various dose rates° This
report contains results obtained during the first 54 weeks of a duration of
life radiation exposure program,

Immediate or ultimna" application of' the results: To obtain ad-
ditionalFin ation on the injury and recovery processes from chronic radi-
ation exposure. From the studies n=4 in progress it will be possible to de-
termine the effects of variation in dose rate on the longevity response to
fast neutron irradiationo These studies will permit a comparison of chronic
fast neutron i~vadiation with chronic oanna irradiation both from a quantita-
tive standocint in which life span shortening is the measured parameter and
a qualitative standpoint from the hictopathological examination of the tissues
of the mice which received irradiation exDosureo The survival data obtained
in this chronic irradiation progrm mill b3 of value in testing the various
medel systems uhich have been m'onosed for tredicting the effects of chronic
irradiation and in the formulation of a mathematical statement so that the
environmental hazard associated with low level fast neutron exposure can be
determined*

Peelitinary atudies ccane ,ning the life span shortening effects of
chronic fast neutron and chronic garma irradiation have been carried out in
this laboratory to determine tha magnitude of response which could be achieved
with the present facilitieso Revorts have been presented concerning the com-
plets s'rvival data for th3 gamma irradiation program (1) and for two of the
fast neutron irradiated groups (2) throughout the entire duration of life
study. In the previous studies in this laboratory life span shortening was
used as the major index far determining the effects of variation in dose rate,
total doseq and exposure pattern (3-i), In the present studies a constant ex-
posure pattern is being employed so that life spa shortening as a function of
variation in dose rate is the principal effect being investigatedo In addition
to these groups of animals which re being observed for life span shortening
effects of chronic fast neutron irradiation, cages of mice have been placed in
each of the various dose groups to allow for serial sacrifice at specified time
intervals in order to obtain additional information concerning the pathological
changes* In the previous fast neutron irradiation programs carried out in this
laboratory histopathological information was obtained only on animals which had
died or were sacrificed in a terminal condition ad the present serial sacri-
fice schedule will make it Dossible to expand these findings with respect to
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the time of onsets rate of progression of the changes, and the patterns of
response of the different organs observed previously (5)- Since large numbers
of control animals have been employed with each of the various radiation
groups, important survival information concerning the normal life span of the
CF1 female mouse will be obtained. Although there are numerous methods of ex-
pressing the effects of chronic irradiation on the life span of animals, this
report and the interim reports to date contain the data expressed as per cent
survival on a weekly basis and the median survival time of the groups which
have exhibited a 100% mortality as well as the per cent life span shortening
of the latter groups0  When complete mortality data are available for the ad-
ditional low level chronic fast neutron irradiation groups, a more detailed
analysis of the data will be presented as well as the histopathological exami-
nation of the tissues of the animals*

Materials and Methods. Adults, female Carworth Farms CF1 mice wzre used
for these studies, The animals were between the ages of 22. and 16 weeks at the
beginning of the exposure periodo The animals in the 3o18 rad/day group were
nlaced in the fast neutron facility on Jigy 7s 1962 and irradiation exposures
were initiated for the Oo47 and 0-36 ra d/day dose groups on Jmp 18, 1l62o Two
additional groups of animals at dose rates of 0°24 and 0o13 rad/day were placed
in the irradiation facility on December 13, 1962. In order to obtain a dose
rate intermediate between the highest dose group and the four lower dose groups
additional position shelves were olaced in the facility to provide a dose rate
of 0.99 rad/day and radiation exposures were initiated in this group on April 6,
1963o All of the animals are housed in groups of eight animals per cage in
standard laboratory thin-walled plastic cages (6°511 x ll" x 5°5"1) containing a
layer of crushed clay absorber0 They are provided with food (Rockland Labora-
tory Chow) and water ad libitum. The irradiated animals are housed continuously
in the fast neutron iaation facility of this laboratory and the control
animals are kept in an area which closely aonroximates the environmental con-
ditions in this facility0 Since the animals could be continually housed in the
fast neutron facility and irradiated while in the cages in wnich they live. no
disturbance by additional handling is necessary except for the daily mortality
observations0 The temperature in the fast neutron irradiation room and in the
control room is thermostaticallv controlled to 80° t 30 Fo

The chronic fast neutron irradiation exposures are administered by
means of a 100 curie platonium-beryllium source having an average energy of
4o5 MEV° The detailed description of this facility, including the placement
of the various groups of mice and dosimetry calculations has been presented in
a previous report (6). The daily fast neutron exposures are administered over
a 9.7 hour time period between 10:00 P.M, and 8:00 AMo by means of a timing
circuit which activates the source hoisting motor,

Results

Effect of chronic fast neutron irradiation on the life span of CF.
female miceo The life span shortening effect of chronic fast neutron Uiradi-
ation is at present being investigated in six groups of mice placed in various
positions in the fast neutron facility Based on the flux calculations the
neutron dose for the various groups of cages in the median plane (vertical
center of the source) are approximately as followst
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Group A 0 o 0 0 o 0 3.18 rad/lO hro day
GroupB o * a * o o 0 h7 rad/lOhro day
Group C o o o o o o 0036 rad/lO hro day
'Oroup D 0 a 0o?4 rad/lO hr. day
Group E o e o o 0 .13 rad/lO hro day
Group F 0 o 0 o e 0*99 rad/lO hro day

The survival data for the groups receiving 3o181 Oo7, and 036
rad/day as well as for the control group are shown in Figure 1. The group
which received 3A!8 rad/day originally consisted of one hundred animals but
nine animals were removed for the study of the effect of fast neutron chronic
irradiation on the rate of hair growth and the survival data is based n 91
animals. The group which received approximately Oo47 rad/day (Group B) ccn-
sisted of 192 animals, five of which were removed for hair gromth studies and
the survival data is presented on the basis of 187 aniimalso Group C (0.36
rad/day) consisted originally of 128 animals and the data, for this group are
presented for 122 animals, the remainiu' six having been removed for the
studies previously mentioned , Group D (0o24 rad/day) consisted of 128 animals
and Group R (0o13 rad/day) consisted of 6h mice. Group F (0.99 rad/day) con-
sisted of one hundred animals at the initiation of this experimento At the
present tim- the life span shortening in the three latter groups (Dq E, and F)
is Insufficient to provide any index of the effects of chronic irradiation on
life span shortening and these data will be presented in a later reporto The
control group for irradiation groups A. B3 and C consisted originally of one
hundred animals and the data are presented for 92 animals, the remainder having
been removed for the hair growth study,

A log orobit analysis of the mortality data was used to determine the
median survival tiie of Group A since this is the only group which has ex-
hibited sufficient mortnlity at the present -time to allow this tyrpe of analysis
to be made. Since the number of survivors in the control group is at present
too great to allow a calculation of the median survival time, the per cent life
sapn shortening for Group A is based on the control data fron the previous ex-
perimant (2)0 At the initiation of both of these e)meriments, the mice were of
the same age range. For purposes of comDarison the results of the log probit
analysis of the previous two groups are included with the results of this study
and are shon in Table 1,

TABLE I

Effect of Ckwonic Fast Nleutron Irradiation
on the Life Snan of CF1 Female Mace

Daily Dose of Fast Neutron Median Survival Life Span Shortening
Irradiation (rad) Time in Weeks (% of Control)

0 (controls 53 000:
002451 3,7
1.66 41 22.6
3o18 32 39.6
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Figure la Effeo of chronic low level exposure to fast neutron
irradiation on the aurvival of CF1 female mice,
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The probit transformation for this; group as well as for thle other
twvo groups investigated is shown in Figur,.4 2. As can be seen from these
curvesp the slopes of the probit analysis curves Increase as the radiation
dose increases for the two initial groups* However, the slope for -that of
Group A (3.1l8 r&d/day) is very nearly parallel to that of the group re-
ceiving 1.66 rad/day,, This would suggest that at the Mh~est dose investi-
gated, the processes leading to death are initiated earlier and accelerated
at about the same rate as the processes at a dose level of 1,,( rad/dayo
When additional data becomie available concerning the other dose groups under
investigationg it will be pcssible to further deterine the effect of dose
rate on life span shortening. The hintopathological studies ill also serve
as an index in determining vwhether or not the causes of death were essentially
the same in the control anirials as in those receiving daily neutron exnosureo

Dliscus~sion

Since the preliminary c tu-dies in this laboratory indicated that the
present neutron irradiation facility is adequate to produce a range of life
span shortening of about Qi'l to by varying the distance of the animals
from the source or by increatsing or decreasing -the period of exposure time,
the present program consisting of various dooe groups was initiated and has
been in prcgress for 54 week.,

It has been well established that the iDn for animals receiving
chronic irradiation is much greater -than that for a single whole body exposure
but the actual amount of life spa~n shartening which can be predicted from
various chronic irradiation exroosures needs to be further investigated0 Siince
the dose ratev used in -this exroeriment are of a very low nature, it is antici-
pated that these data illl be useful in determining such effects0 In a review
of the effects of chronic irradiction on the shortening of life span by chronic
gamma and fast neutron irradiation.9 Mole (7) has presented a compilation of
data from se-veral investitators ,.nd has stressed the importance of the study
of? chronic irradiation at lew 6ose levels as well as the type of mathematical
analysis applied to these dose level3 in an effort to determine whether or not
a threshold phenanena exists. Since our present neutron facility permits the
study of these lowf dose levols,9 the survival. data from this program should aid
in the interpretption of possible life span shortsening in these ranges0

When the pvesen'v z-tudy ic corT_,1etad,, wa will have complete life span
shortening information on eight dose-rate groixpa at which -time it will be
poosible to attempgt a math',aatical formuilation of the effects of chronic fast
neutron irradiation, 11'elville at ol, (8) have ma~thematic ally determined the
residual damage in animals whieh -have recsivsd fractionated radiation dares
anl Oince the chronic radi.,tiom situation in in reality an oxtension of the
fractionated exposvre progrn. i-t is pl.azned to attempt to mathematically
determine soma index of' reoidual dwaga and the recovery which occurs during
the chronic irradiation situation It is anticipated that the histopathologi-
cal examzination of the tiscues of the animals recaiviig th3 chronic irradiation
exposurres w-4l1 give scme indioa- Aoa of 03e nature of the balance between cellu-
lar depletion or dna-e and the replaceime-it of rapair procosscs* As has bseen
pointed out by Mole (9) an additional factor involved in chrorjho irradiaticn
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Figure 2. Probit transformation of survival data of o? female mice
exposed to chronic fast neutron irradiatiou
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is that certain specified indices of damage show that adaptation to chronic
irradiation occursa

Our studies have been designed so that the time of exposure for both
the chronic gamma and chronic neutron irradiation exposures remains constant
eliminating the possible effects of the ratio of radiation time to radiation-
free time,, In studies in which irradiaAon was extended from a period of la5
to 24 hours with fission neutron and Co gamma irradiat'.on, Vogel et alo (10)
have demonstrated that the dose rate is important in connection WitrihgaMM
irradiation but that the IiD,0(30) of fission neutrons is independent of dose
rateo

The present fast neutron plutonium-beryllium source has made it un-
necessary to adjust the cage positions' to correct for the decay of the source
and the fact that the present sowce is sm in-line source permits the use of-
large exposure groupso

Although the two low,,er dose levels presented in this report have not
as yet exhibited a life span shortening of 50%s it is of interest to nots that
those in the higher of these teo groups annear to have an earlier onset of
deaths but as the survival annroaches 5% the difference between the two groups
becomes less marked, The control group for this experiment has not as yet
reached a level of 50% mortality so that the rer cent Life span shortening of
the high level group (3ol8 rad/day) of chronic fast neWxtron irradiation cannot
be determined. However, since large numbers of control animals have been main-
tained for the other chronic irradiation studies9 an estimate of the life spaan
shortening can be determined and on the basis of this comparison it is 39*6%0
When further data concerning the effects of the lower levels of fast neutron
irradiation on the survival of these groups becomes available it will be posei-
ble to determine more precisely whether the life span shortening as a function
of the log of the daily dose is a linear or curvilinear response0

In review of the effects of ionizing radiation and aging, Upton (11)
has compiled data from several investigators concerning the relationship be-
tween life span shortening and the log of the daily dose rate, The data for
the dose groups presented in this report agree with those of these investi-
gatorso

The final analysis of the data on all dose groups involved in the
present study will make it possible to determine the RBE of fast neutron to
chronic ganma irradiation. The dosimetry calculations have been discussed in
detail in a previous report and the complete dose measurements will be pre-
sented in a subsequent report when it has been possible to determine the
gwama contaminant, The complete survival data will be presented when this
information becomes available. This information both in regard to life span
shortening effects of chronic irradiation and histopathological emination
will be used to extend the findings of previous studies in this laboratory
and in other laboratories0 ,



73

L, Mortality data obtained during the first 54 weeks of a duration of life
chronic fast neutron irradiation study are presented and compared with
previous studies in this labaratoryc

2o The median survival time of the mice exposed to 3o18 ./day was.32 weeks
and a life span shortening of 39o6 was calculated on the basis of sur-
vival data for CFI female mice fromi a previous study.

3o The slope of the log probit curve for those mice which received 3.18
rad/day is approximately the same as that for the group of mice that re-
ceived 1.66 rad/day indicating that, at this dose, the processes leading
to death are initiated earlier but may proceed at approximately the same
rate as those in groups which received l.66 rad/dy 0
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TM INFLUMNE OF EXPOSMJE TO LW UVYIS OF GAMA OR FAST
NEU1) fIRRADIATION CUT TUE1 IME SPANI OF ANINAIS

11, Studies on the Toyliity off Rare Earth Compounds
befIf luence on Radation TLe1t-hir

Darvid Wo Bruce aid Kenneth P. DuiBois

This report concernst Studiets on the acute intravenous toxicity of
Praseody~i iUFeifw= bh~distered alone or in combinationi with whole
body x-irradiatlon,

Inmediate or ultimate &.icaticn off the reaulta.* Because of an in-~
crease in te2r indust-rial uSilzto, more IR-6ratioi is needed on the
toxicity of the rare earth .uztals, &Iually important is the problem of de-
termaining the effect of slnuatansoun expoEsure to icuizing radiaticne ind rare
earth corapoinds that could result froyi a nuclear reactor accident or atoadc
detonation. The present investigzUon is a continuation of studies to obtain
information on the potential hazar~ds associated with the rare earth comipourds
alone and in combination with ionizinr iadiationso

* * J11 1 * * * *1

Freviouo studies in this laboratory (1,v2) have shown that varioun
rare earth nitratea given orally to rats are only slightcly toxic and moderate-
ly toxic when given by the intraparitoneal route0 Upon intravenous injection
as the nitrate salts the lighb lairthanons (ceritu, praseodymiuno neodmim,
and aarium) were found to 'ba highly toxic to rats and exhibited a sex differ-
ence in that they isare 7 to 10 times more toxic to fe mle rate (3) than to
males . In thie regard, the possibility of a sex difference was suggested by
the studies of Snyder at al. (4) ubich vbo-,zad that 3.5 mgm0/kgmoo of cerium
salt produced a two-fold increase in liver lipids in female and castrated mmsa
rats but no significant change in the 3117d content of intact males. Snyder
and Stephens (5) f ound that intx-acncus cerium ohlcerlde also, caused a decrease
in serum gluco.3 of female rats followed by an increase in plasita free fatty
acids suggesting that the first effect cf cerium chloride was on carbohydrate
mtabolism. Studies in this laboratory (6) have demonstrated that iLitrave-nous

admainistration of 2 mgm./Ic,-m or 4~ mgm,/krgm of praseodyium as the nitrate
salt resulted in a proportional dc! reasv with respect to tine in ths blood
glucose of female rats during th: 12= to 72-hour period following adminis-
tration. At any given time during thia pwriod.9 the per cent decrease in
blood glucose from control values ifter 4~ Lrp-kgm, was twice that seen after
the administration of 2 mgm./Kcgn By iadniatration of testosterone propionate
(5 mgm./kgin.) daily for a period of thirtVy days prior to 2 mgm./kgra, of praseo-
dymium or by placing feniale rats on a high carbohydrate diet by giving so-
lUtions containing glucose or sucrose, mortalities could be decreased ard the
decrease norral-ly seen in blcod glucose could be modifed or prevented (7)



Studies by Melville and Riess (8) and studies in this laboratory
have also demonstrated an increase in mortality of rats receiving the rare
earth salts intraperitoneally in combination with whole body radiationo
When sublethal doses of the rare earth nitrates were given with 500 r of
x-ray, a 27% to 82% increase in mortality was observed (9)° A 34% to 63%
increase in the toxicity of intravenously administered praseodymium nitrate
(2 mgm./kgm.) was observed when given 10 to 15 minutes prior to doses of
whole body x irradiation ranging from 50 r to 500 r (6),

Materials and Methods 0  Adult, male and female Sprague-Dawley rats
(200 to 270 gm ) were used for these experimentuo The animals were housed
in air-conditioned quarters and given water and Rockland Rat Diet ad libitum.
Aqueous solutions of praseodymium nitrate (pH 35-545) in isotonicea-
were given by tail vein; control animals received an equivalent volume of
saline equal to 001% of the total body weight, A colloidal hydroxide sus-
pension (pH 7,5) of praseodymium nitrate was prepared for intravenous in-
jection by the addition of sodium carbonate to the dissolved nitrate salt.

Blood glucose (total reducing value) was determined by the method of
Folin and Malmros (10) employing the micromodifications of Park and Johnson
(I1)0 Serial samples of whole blood (0.05 m1 in duplicate) ere obtained by
sectioning the tail under local anesthesiao Tissue slices of rat liver were
prepared using a Stadie-Riggs microtome (12)o The slices were suspended in
Krebs-Ringer-phosphate buffer (pH 74o)o The endogencus respiration was
measured manometrically at 380 Cc in an atmosphere of pure oxygen following
a 10minute equilibration periodo The Q02 values were calculated from the
dry weight of the tissue slices which were dried to constant weight at
1050 0o

X-irradiation was administered as a singles total-body exposure with
a G. Eo Maximar therapy unito The radiation factors were as followss 250 KVF,
15 mao, 0,25 nm. Cu and I mm. Al added filtration. The target animal distance
was 75 om, aid the dose rate was 35 r to 37 r/minute as moasured in air with a
Victoreen ionization chamber.

The nitrate compound used in this study was obtained from Lindsay
Chemical Cccipany. Went Chioagop Illinoiso

Results

Effect of intravenous praseodymium nitrate on mortality and blood glu.
cose of intact and castrated adult male rats Because of the ex difference
noted In the intravenous toxicity of the light lanthanons and the suggested
hormonal involvement, it was of interest to see what effect castration of male
rats would have on the toxicity of praseodymium° Male rats 50 days old were
castrated using pentobarbital sodium as the anesthetic agent* Fifteen days
after castration groups each containing ten animals were injected with 4s 8,
and 12 mgA-%Ao of praseodymium -s the nitrate salt and observed for a period
of 30 dayso

The results presented in Table 1 show that 4 mno/kmo and 8 mgm /gma
caused mortality of 40% and 50% of the rats, respectively, while 12 mgm. /kgm
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reaulted in only a 20% mortality. In previous studies conducted to dotermine
the apnroximate LD0 value for praseodymium in normal males. doses of 6 mni
kgrno and 12 mgmo/6i were lethal to only 20% of he animals when given as the
nitrate salto The resulto suggest that the hormonal factors alone may not be
the explanation for the increased to=.city observed in castrated male ratso
In addition to further mortality studies in progress to clarify the above re-
sultso experiments were concucted to ascertain whether 8 mgm0/kgmo of intra-
venously administered praseodnium had any effect on the blood glucose of
castrated and normal male rats. Prior studies have shom that in contrast to
the marked decrease in blood glucose of female rats caused by 2 mgmo/kgmo of
praseodyrium, neither 2 11amn/kgmo of praseodymium metal nor equitoxic doses
of 20 or 30 mmA/kgm, produced appreciable changes in the blood glucose of
male ratso

TABL

Acute Intravenous Toxicity of Praeeodymium
Nitrate to Castrated Nale aRts

Dose PH Mortalitya  % Morality
(ngm.kgmo Metal) Solutica

8 5 20 5110 5

12 .5-10 2/10 20

a
Mortality data based upon 30-dqy obseration periodo

Figure 1 shotis the effect of 8 mgmo/kgmo of praseodymium on the blood
glucose of normal and castrated male rats. The values are plotted as per cent
of the control blood glucose values. Each aninal served as its own control and
each point on the curve represents the average value obtained for groups eaoh
containing four to eight animals. The control values in each animal were ob-
tained 24 hors prior to prasecdymium administration and serial samples were
also obtained for co-atrol animals at each 24-hour poriod.

In contrast to results previously obtained with other doses of thia
compound, a zmarked decreaso in blood glucose in both intact and castrated
males was found, An averago dacrease from control values of 13% and 23; at
94 hours, 3h% and 3,'; at h8 hours, and 41% and 31,1 at 72 hours was found fcr
intact awd castrated males respectively

In theso studies the majority of animals died during the first mix
days post-injection as prarlously found in other intravenous toxicity studies
with the light lanthoanuo
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Effect of whole-bcdr x-ivradiation on the toxicity of intravenous
pase~d 1 n*rate. n 1wne F'i oma
eiiy studie rere conducted to observe the effects of administration

of 8 Mgm6 /kgm, of praseodymium as the nitrate salt 15 days after a single
dose of 4o r of total body xira'adiatian. X-arradiatin was administered
to a group containing ten 50day old male ratso Ten days after injection
this dose of rare earth nitrate was found to be lethal to 90% of the ratso
Further studies are being conducted,

Effect of v lng the -of intraven ly administered praseodynium
an the on-oeousio I

tum es (3)have indicated that measurement a idgenou respiration
of liver slices from female rats is an adequate means of determining the
toxicity of intravenous praseodymium6 Since the pH of the intravenously in-
jected solutin may be a factor in. the, toxioty of the compoundv solutions
of praseodymium nitrate (2 mgm./kgm. of metal) at pH 305 and 5°5 and a
colloidsl suspension at pH 7°5 were given to groups of rats each containing
four animals. Control animals received an equivalent amount of isotonic
saline, Forty-eight hours after injection9 the enimals were sacrificed and
the endogenous respiration of liver slices deterrdnedo As sho w in Table 2 _
the average Q02 values obtWned an liver slices fram rats receiving solutions
at pH 3MS and pH 55 were 53 or 51% of the control value. The average QO0
value for liver slices frm rats receiving the colloidal suspension was 10o7
and not significantly different frmA the average control value a The results
suggest that it is the icuized salt and not the colloidal suspension that
produces the toxic effects seen in fevale rats,

TABLE 2

Frfect of pH of Intravenous Praseodymium n the
Endogenous Rmspiration of Liver Slices

from Female Rats

PH QO2 Values % of Control
Injected 48 Hours Post-Injecticn Activity

Praseodymim

Saline cmitrols 10o3 . 0

(9.0-10.~9)

(4.2-6,,8)

5°5 53 5o4(4-8-6oo)

7-,5 10.? 104 .e
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Dicussion)

Studies on the aete toxicity of intravenous praseodynium nitrate
in intact male and female and castrated male rats may indicate that the
toxic actions of praseody nium result from more tbn one mechanism of action.,
Our results suggest that the physical-chemical state of the intravenously
injected solution is an important factoro Although there is a similarity in
the distribution of the colloidal and ionic forms of the light lanthanons
(14)s the toxic acticn of the two forms may be different. In vivo studies
by Aeberhardt (15) with tracer doses of ionic cerium-144 de-nrated that
90% to 95% of the ionic form was bound to the gamna globulins and beta-2
ilobulins of the plasma proteins in rats guinea pigsp and rabbitso The
remainder was fixed to the white cells. He found that this binding was
accomplished before the buffering action of the blood could form colloidal
aggregateo Intravenously administered colloidal ceriums144 waa found to
remain unbbund in the blood. Since the light lanthanons accumulate to the
greatest extent in the liver (15), the results suggest that one toxic mecha-
nism of action is dependent upon the amount of light lanthanon that is trans-
ported to the 'Liver bound to the plasma proteins.

Io Intravenous administa-ation of 4 mgmokgmog 8 rimo/kgmop and 12 mgmo/gmo
of praseodymium as the nitrate salt resulted in mortality of 40%, 50%
and 20% respectively of adult castrated rats that were injected Z5 days
after castration and observed for a period of 30 days.

2o The intravenous administration of 8 :mgz./kgmo of praseodymia as the
nitrate salt caused a decrease in blood glucose in both intact and
castrated male rats, The average per cent decrease from control values
was 13% and 23% at 24 hours, 34% and 31% at 48 hours, and 41% and 31% at
72 hours for intact and castrated males respectively.

3o The administration of 2 mgm./kgmra of praseodymium at 'H 3,5 and PH 5-5
resulted in a 51% decrease in the endogenous respiration of liver slices
from female rats 48 hours after admiistrationo When 2 mgmo/kgmo of
praseodymium was given as a colloidal suspension at pH 7o5 the Q02 values
obtained did not differ significantly from control values,
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1HE INFLUENCE OF E XPOSU'E TO LOW IE VELS F GAMMA AND FAST
NEUTRCN IRRADIATION ON THE LIFE SPAN OF ANIMALS

III1 Radiation Pathology of Chemlcally Protected Mice SeriaUv
Sacrificed Following Proton or X-irradati -i

Do Vesselinovitchp Fo Fitchq Jo Meskauskas, Do Go O3dfield,,
V, Plzak and J, Doull

This report concerna The type and extent of gross and microscopic
changes lni-e tissusF male mAce given 2-mercaptoethylamine (MEA) prior

to whole-body irradiation wilh 440 Mev protons or 250 KVP x-rays and sacrificed
daily from 1/2 through 15 days,

Immediate or ultimate application of the results: Information is
needed co ninvg the relie ibological effectiveness of high-energy protons
in mammalian systems and the ability of various environmental factors to modify
the injury produced by this type of radiation exposure. The studies described
in this report constitute part of a program designed to provide information on
the biological effects of high-energy proton irradiation, proleotion against
these effects by means of chemical radioprotective agents, and a comparison
with results obtained using radiations having other LET values (10 to 50 Mev
electrons, relativistic neutronss lager energy protons., etc0 )o In addition to
the practical values of such studies, they are also of theoretical interest
with regard to the relationship of U T to radiation injury and to the mechanism
of action of the chemical radioproteotive agentso

In a previous report (1) ve have described the terminal gross and micro-
soopic pathology in mice which died as a result of exposure to protoa or x-irradi-
ation and the influence of pretreatment with chemical radioprotective agents on
these effects. The present study was undertaken to investigate whether signifi-
cant diffe'enoes exist in the natre or time-course of radiaion~induced injury
and recomery processes in proton-frradiated as compared with xirradiated miceo
It was also of interest to determine whether these processes would exhibit
different temporal patterns when the irradiation was preceded by treatment with
a protective substance, Because of its importance as a proteetive agent, and
to facilitate, comparison with the proton and x-ray protection studies already
available in this laboratory g NBA was selected as the protective agent for
these studies, The radiation doses were chosen to lie in the neighborhood of
the LD5 0 / 3 0 for each of the two t:pes of radiation, Thus the basis for ecapario
s n of the unprotected proton with the unprotected x-ray groups of mice is the
equilikelihood of survival to 30 days for the two groups.

Materials and Methods, Itle COP mioe were used for thie studyo The
mice wre17 to 18 weeks ol at the timz of irradiation. The animals wore s3
leated fra several shipments., randoni-Aze, and assigned to various protected,
unprotected and control groups,, A detailed description of the physical and

81
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biological methods used in the ireadiation of the animals has been presented
in a previous report (2). Table I presents the experimental design rihmel-ng the
tine of serial sacrifice, -the vavious done groups and the ntmber of atimals
exemined in each group. In addition to the tabulmr listing, five unir--adiated,9
untreated animals were taken aB controls0 Only living mice ware taken fm-
exi~Nnation of the tissues and these animals ware sacrificed under ether anes-
thesiao The gollowing tissues were routinely taken for histological exanini-
nations livers, kidneyp spleen, heart, lungs, thymuA, testest, 3ymh nodes
(mediastinal and mesenteric), duodenume, pancreas, and steraum., The tissuea
were fixed in noutral buffered formsling embedded in paraffin,, and stained
routinely with homatoxylin and eosin. M~ost of the sections of the snleen and
some of the bone marrow sections were stained with Azure-Eoinateo Spleen iam-
prints were made from all animals examined and stained with Wrightb-Giemea stain*
A few sections of the liver were stained u-ith Tricrome-Qomori1 Aldehyde Fuchsino
In the case of spleei, the wert weighu was obtained immdiately upon sacrifice
and prior to any histological prceasaing-

Results

Gr323a holoiclfiivo Table 2 presents a suwmary of the major
gross paho ogif.al findings in no-r iae ice, The most frequent patho0-
logical finding at postmortem exeinciar. w~is hemorrhare in the form of patechiae
or eachyinosia involving areas of various sice in the affected organs* The organs
so involved wero brain, liver., and suboul-an-cua tiscuete in the abdominal region0
Another intereesting finding was appoaraywz .)f pin--point nodules acattered pre-
dominntly th-xaagh the red pulp ot' the epio an, Slightly, enlarged rmsenteria
lymph nades weot observed in one prtni nriiae ouss and in a few animals
pratreated ihIVEA, There was i. soft 6e{.one in the urinary bladdera of a few
mice given pro~tons with and withcout MU~ Lreatmito Patchy pumtonic consoli-
dation of th3 lungs wao seen in v, few ecpariaeental mice regardless of the treat-
meat giveno

In generalts no distinotive terpocal pattern of progression or retro-,
grossion of these lesions emerged from t;e grass., qu9litative, patchologic study
of protonz-irradiated aninialso A similin reaultr was obtained tor the x-irradiated
mice and will not be reported here in d~tailu

Data on spleen weights fcrard r,- autopay are given in Table 3 anda are
plotted in Figuras I to 4.. F'crt thosL, data it can be seen that the pattern of
spleen weight change after irradiatdion is zLmlilar in all irradiated groups.
The weight dcreases to a minimumz durint th3 first 72 hours after irradiation
and remains at thin minimum during t 1-4 -next 72 hourso Recovery from the weight
loss begire; on the3 sixth to scventh hky, Tonera is scme indication from the
ciurvea that in both the proton ad -- ay groups,; -the spleea weight minimum ob-'
served during, the nacand 72 hourz; is -tore severe, be., Vie weight is lower in
unprotected than in protected groupvs

MicroEac ofindings, The n,)Jor ''i31opathologioa1 finding iL the
tissues -7-i1,Tsex-niiic-in tlior~o stuclez are suimarizse in Tables 4 and 5,
The nraj or findings were scen in the spleo t) thy mus, lypaph nodea, bone marror,
testis, livo--*, and brain,
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TABLE 1

'Number of Animals Examined at Each Assay Point

Radiation Dose and Pre-irradiation Treatment

Tineo Or -
Sacrifice 1/2% Body Weight H20 225 gm. MEA

(days) ..oy2.. r ..... MEL

707 rads Proton 580 rada X-ray 707 rade Proton 580 rads X-rWy

1/2 6 3 o*o

1 6 4 3 I4

2 6 I4 3 4

3 6 4s 3 4s

4s 6 4s 3 Is

5 6 4 3 Is

6 6 4 3 3

7 6 4 3 3

8 6 4 3 3

9 6 3

10 4, 3

1. 4 3

12 4 3

13 4 3
14 4 3

15 3 3
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TABLB 3

Spleen Weight as a Function of Time of Sacrifice
in the Irradiated Groups

707 rads 440 Mev Protons 580 rads 250 Kvp X-rays

H20 HEA H20 MEAt, Days _____________

Post-irradiation +m (,mom) 4 M m mgm,) 1 • M (mp, a) -,x M (Mgm.),,+

1/2 59 4 49 9)a0

1 67 3 67 4 67 4 69 3

2 44 5 53 9 59 7 86 20

3 41 3 60 4 46 5 66 5

4 43 7 47 10 51 5 64 2

5 58 9 57 10 52 7 50

6 1 7 102 10 26 2 49 4

7 54 3 61 7 45 2 55 4
8 39 5 62 10 79 35 76 15

9 68 14 103 31

10 80 16 64 13

n 74 14 13 35

12 109 4 63 30

13 70 16 65 5

14 80 11 80 5

15 147 53 1oo 9

m a Mean weight of spleen
a w Sample standard deviation of mean
t w time of sacrifice

Controlqs a - 101 t 16 x.o
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TAJ3UB 4

Frequency and Sevrity of M~ajor Histopathologic Fil1ndings in
Proton-IXrradiated flice

Tbt of Seria.l Sacrifice
Majo Histopathologic Treatmsntr

1L2 3,i 3 4 5
666/6 6/6 6/6 6/6 6/6

Atrophy of iymphoid 112 bpbpo ovape evege c~eo~ b~cpe bocja

I3/3 133 3/3 3/3 3/3 31/3
ibqbqa agape bpcap bgbso b~bpe b~bqe

Ilge~oi on /6 6/6 6/6 56 16/6 6/6
Coneston 20 apapa agapa , aaa a~a~a ay,at a~b~qb

b.,b 1,bb 1 albge ap apbob bsb)c

MEA 2/3 12A4 31 31 31 3.
a a a' atb~c a. a,ab a9bpb

Hone 66 ~ / ~ /

66 66 6/6 p6/6 6/661
Presence of 1120 ~ a.,.a aqata aga.-a apaa a~a~b a~bpb
mogakaryocytes a~b,b a,)apo apbpc b,,bgb b~bvb bsbpb

31/3 313 3/3 3/3 313 3/3
*ab,b Raoc apaqb bjbqci alasa ava~b

Ilona

Presence of poly- 6/6 6/6 6/6 4i/6, 2/6 1/6
morphcnuclear H20 b~b.9b apbjo iasage alapa affa
leulcocytea agdpd c &,caa, a a I

lk I133 3 3 /33 3 0/3 3/3j1 j Jpz b_.bsb aeasb Ja,4a Jxa
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TABLE 4-Gotitinued

(Days Post-irradiation)

6 7 8 9 10 11 12 13 14 1

6/6 6/6 6/6 6/6 h/h h4A 4/4 A/ 4/h 3/3
Cocoa ,OC C.9090 bpbse bpbpb cpape bpbgb bpbsb bsbob bpbpb
dpdpd opope coesd opesd a c b b b

3/3 3/3 3/3 3/3 3/3 3/3 3/3 3/3 2/2 3/3
b~bvb bpbsd bvbpb bpbsc bpopc cpdsd bpbjb caap bpo bsbpb

6/6 6/6 6/6 6/6 3/ 3/4 4/4 3/ 2/h 3/3
bsb,b agaja ajeab avapa aaa a,a,,a a., b,b a,aza aspa a~aa,
b,bpc bvbic bpb~pb aEaa b 1

33 13/3 3/3 3/3 3/3 3/3 3/3 3/3 2/2 13/3
bobpb bpbpe bqbpb b,b..b apbpb a~apa apbtb a,bpb ajb a,,b,b

bbb

6/6 6/6 3/6 3/6 h/h h/h 4/h 4/h hA 3/3
amaa, apapa ava~a apbpc apape apbpb apa~b bpbgb bpdad apapo
apbpb b~bpb d a a b d

3/3 3/3 3/3 3/3 3/3 3/3 3/3 3/3 2/2 3/3
bpbpb a~apb bpbod cpcso apbpa clopd bpbva apb,b b~b apdpd

a#&

1/6 1/6 0/6 2/6 1/h 2/h 3/h 4h 3/h 3/3
a a apa. a ap, a,a~a a~a~a apap, agapa

a

3/3 1l3 3/3 3/3 3/3 313 13/3 3/3 2/2 3/3
a~a,b b a,b,b apa~b a, a sb ajblb I apapa apa~a apa a,,b



TABI8 h-otirnued

TI-mo of Serial Sacrifice
Major Histarpathologio WetanFindings 7 7iaaL L L

Recovery of granulo- ~ 0/6 2/6 3/6 4/6 4/6 51
cytic e1arvents U0 &U ae, a nqa ag b apbgb

a~a b~b b,c

(113 1/3 3/3 3/3 3/3 3/3
b agaqb bpave agavb bp,-~

Noego

M1A 0/3 2/3 3/3 33 3/3 3/3

- 1apb a.9 aqa b,bpb avbvb b.9b.9

56 6/6 6/6 6/6 6/6 1 6/6

Heroidrosis H20 ~a,ana aoa a.9apb apapi uaa a a,,aga
al aa b~,bob bvbpb apasb bqbqb bpbob

Ii IZ aaa %&ava apapa a.0aqb apaxa bpb,b

Bone marrow No0ne

4/ 6/6 6/6 6/6 6/6 6/6
H20 .~apa ap a.b aq b 3 OccD bpopc b,ocpo

Hypocaflularity ab bo cc c d d dd c,dd

H V 2/ 23 313 t2/3 2/3

a j P b,b,o c b,d a.9a
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TABLE 4-Contirnued

(Days Post-irradiation)

6 7 8 9 0 1 12 1 145

2/6 4/6 2/6 h/6 3A 3/h 4A 4/4 4/4 3/3
alpa a,,b apa apajoa apbpb apa~b apbpe bpblc bob9c bobpe

b a b c c

3/3 2/3 2/3 3/3 I3/3 3/3 3/3 3/3 2/2 3/3
Cy Op a &* bjc apb,oe avapb bpbpd a~avo alapb by.O dvdad

aga

4/ 5/ 6 56 6/6 4A/ 4/4 4/4 4/4 4/4 3/3
aqb~b aobsb apasa apapb cod cpcpo Cccd apCJO bob~c bqbqd
b COO jc c _ ,cgd d a d d 0

3/3 3/3 313 313 3/3 1/ 31 3/3 2/2 3/3
csopd apb~o cvcjjd bleco bposd bpopd bscsd apb~o bpb apaoo

6/6 6/6 6/6 6/6 4/h h/h 3/4 4/4 4/4 2/3
bxbqb apapa bpbgb apapa albpb apa,b asapb apa~a ajapb apa
bpopc bpbpb cjcNO bsbsb b b a b

3/3 3/3 3/3 3/3 3/3 3/3 3/3 313 2/2 3/3
apbpb a,avb bpbyb bsbbb apbpb apbpb asbpb apbpb apa a,a~a

6/6 6/6 6/6 5/6 4A 4Ah 4/4 A/ A/ 0
boopo bpbpd b~o~d bjcsd bpbpc bpope bobpc asapb bvb~b
dvdvd dndod dvdgd d.,d 0 d a b

3/3 3/3 3/3 j2/3 3/3 1/3 3/3 2/3 1/2 0/2
-~o -ap -ps -p - -pb a -.ab .



TABLE 4I-Gontinued

Time of Serial Sacrifice
Maj or Histopathologic .eta,

I'lidings 
3 4 5D~n

None rI

Reovvlofmvlo 06 /6 0/6 6/6 /6 4/
Conaea Ecnd1] b &~ orythrb I~l abbgbb

0/3 3/3 113 3/13 2/3 2/3

Name

o/6 0/6 516 6/6 3/6 5/
PeCone ofgea;no iHn bo a aag bbb apab qb

marrw gE 0./3 0/3D bgbo epad

1-1 33 V 33 0/3 0/3

0/6 0/ 2/6 563/6 64/6
Prseceo bel-bbnob bbbb a~b ,b asagbb bpepe

Arophy H2b0 bbbo j ,ce ced d

MA 3/3 313 3/3 3/3 133 2/3
__ _ __ _-- - - - = -L a - 9b_
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TABLE 4-Continued

(Days Post-irradiation)

6 7 8 9 10 31 12 13 14 15

0/5

2/6 2/6 3/6 3/6 3/4 2/4 4/4 3/ 4/ 2/2
apb alb a~agb apcpd abpb aos bpb~b ocsd bcso Coo

a d

313 3/3 313 3/3 3/3 3/3 3/3 3/3 2/2 2/2
bpeop apbpo bpbpc apcgd apbvc godpd bposc aqbqd od djd

0/,

6/6 6/6 6/6 6/6 4/4 I/ 4/4 3/4 3/4 3,/2
bbsb acoo aapb apaa bbob apbpe acc ab~o abb b
b obc c~cpd bpopo bjbDc a a c

313 3 /3 3/3 2/3 313 113 313 2/3 2/2 0/
apa~b to apaob aa,b abb b ava.b apb a.a

5/6 6/6 6/6 2/6 /4 3/4 2/4 1/4 0/4 0/2
a# bb abpb avase OSc a b agb a
ec0 Ccc b.9b

013 013 013 013 3/3 013 0/3 oI1 1/2 1/2

0)5

61 0 3A 3/6 OA4 0/ /4 V4 4 O/A OA V
bb9o acao ab I a,b~c b a

2/3 o1 /3 2/3 1/3 0/3 V3 0/3 013 V/
bb a a,b a a b
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TABL, h4-Continued

Time of Sefrial SacritAce

MaJ Q istopathologic ---eatmen
Findings

_____nodes6/6 6/6 6/6 4 6/6 6/6
11 H20 abqb apa.b apapb b~bgb apbob apbob

bpbac blbpb bsc'a b bcb bgbb
AtrophyIr

Elm V3 .3/ 313 ~ 31 3 t/3 /
a b qab b bbc ajbpc apa

Testis No

0/6 2/6 4/6 3/6 3/6 3/6

Foc0l aaatoge e as a aga asab @jbb a# apa

3/3 3/3 2/13 "2/ 3 2/3 2/3
.,a b agab a,b a aa asp4k

iver Name

Peliosis hepatis-like 01/6 0/6
lesion

/1 013 0/3 0/3 013 0/3 0/3

Nvac

Irregularity in the s e 16 1/6 6/6 6/6 516 6/6
and shape of the I,,0 a a~bab a~b b aab aab a~a~b
hpatic cell nuclei blb btb.b bsbgb btb bsb~b

31.1 3/3 2/3 2/3 1/3
,aoab b T bb7a aja a,a a

Brain Na
Sct e/6 o o/6 /6 3/6 06 o/6

hemorrhage l
'/3 __° 0/3 V3 1/3__ 0,/3 0/3a a
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TABLE 4 zeontd ued

(Daya Post-irradiation)

--- - "r ' '

6 7 8J9 10JJL2I23±14IL
66 516 A/ b/6 OAh 1/4 I/h 0/4 0/4s -113

b.90b apasb apbjb aga~b a b a
b#bob bob a

2/3 013 3/3 2/3 03 0/3 /3 oI1 0/2 3/3
apb a ava a a

015

516 5/6 5/6 6/6 4/4 4 AI /4 3/h Vh 3/3
a,ab asapa apasa apapa apapa asa~b apapb albsc apapb asbO
bod bgb bvb b.bjc a d a b

2/3 2/3 2/3 2/3 2/3 2/3 3/3 313 2/3 2/3
a,b bvb bvb .ajb asb a~b apaa apbob gab asb

015

0/6 o/6 o/6 0/6 o/ 1/h 1/A OA O/h 1/3
b a b

0/3 0/3 0/3 0/3 0/3 013 013 13 /3 0/3
b a

bgb

4/6 6/6 6/6 6/6 2,14 3/h 3/h 4/4 2A 2/3
aajb a,bpb a,b,b bsbvb b,o a,a,?b ava,a a,ab ava ab
b bob~b bobsb bibob b

1/3 2/3 2/3 33 3/3 3/3 1/3 1/3 /3
b apb ajb abpb apbjb agb~b b a b a

015

0/6 0/6 0/6 0/6 O/ OA OA O/ OA

o/3 0/3 0/3 0/3 2/3 1/3 03 / 0/033
a,,a b
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8P loan, There was moerata to marked atrophy of thq lympDhoid tissue
in all or eanimals in both protected and unprotected groups. The severity
of these changes appeared to be less in animals treated with IMEA prior to
protA,;n exrposre. In uziprotected animalsp the3 atrophy wrtp most veVo,_.e in the
mice sacrificed from two to six days. Mild '-o moderate congestion was a fre-
quent finding in most of the mice expoaed to protons whether they were treated
with MU or not, ?Iegakayocytes were present in mild to moderate degree up to
the seventh day but were more numerous in mice killed on the eighth day and at
later times~ Polymophonuclears ware seen in proton-frrsrliated mice with high
frequency up to the sjecond day0 &eyorad this the frequency of occurrence dropped
drastically in unprotected mice but muach less dr'astically in REA-treated mice,,

Sn interesting finding was the faster recovery of the hematapoietic
system of the animals given HIEA prior to %rrposureo In this grouprecovery of
both granulocytic and eznroblastic elemcnts was observed In mtild to moderate
degree In almost all mice killed fttom -die second dw~ on, On the other hand,, in
mice given protons VWithout protetion~, recovery of hematopoletic cells was only
partial during the second weelc0 4utzmeduiizary hentatopoieis waa preselxb in
the spleen sect-lons of all control aice in ild to marked degree* Hemosiderosia
was noted in all of the animal-s eywdined in varying degreeso

In -the x-irradiated mies thIere was atrophy of lyniphold tissue Which did
not appeair to be consistently different in ice given HFA prio, to x-.ray exa-
poswio 7,5tez, recovery ofl hematfrpoietic cells, particulcwly of the granulo-
o1*1i aavioae :,4au observed in most of the mice sacrificed from the ascond day

aA,8&4 protecte,-.d and unprotected animals had mild to Moderats congestion of
-tao .331een-, kNtalaryoc37teo wera pr esant in almost all x-rayed animals regard-
lesR of Q9e tieatment, Polvrzornherw loer, leulcocytes were observed more fre
quently in unprotected animals during -the first aix days tban in -VuLoub~d ialeCL,

Bone marrcey, hyi rost of the mice exposed to the protoa radiation, hypo'.
~ marrow in -ftrrde'atu to very marked degrea was observed.

1HypcelluLarity waa L,.,ss frequent esra less severe in inice preZteated with HA.
In bone marrow sectidoa~s of '-wico 1Yen ,7nsO the only cells which remaiined were
'the sinmuaoid lining-co.311, a few ieareticular and fatb cells, and some
quilo abnorzaal megakaryacytea, ki acellular debrio was obaerved in mice
killed 12 hours post-.irradiationn. Thla general cellular depletion ideteetable
at 3 days persisted In proon-irrel1 ate'3 animals until the eighth day0 Depleted
marrow va:3 charaterized Yainly by ,!rcatly widened sinuses and by the replacement
of most of the hemato-ooietic maarra-r c3lls resulting in a gelatinous moarrow0 Tho
lattsr effect was se-an prdvcL,~ntntjr in unprotected mice killed from the second
to the ae,.ghth days0  Congestion of ')ri -- rrw was a frequent finding in proton-
Irradiated miceo pretreatment witA, ),3A J_-.;reFsed the severity of th:IE effect0
The x-ray3d mice4 also eYxhibitsd by J niyand congestion of the bone marrow,
Both of thl.za effects were g oEndn .tec;3 srked in the mice treat~ed with M'~AC
The gelatinous marrow condition ohosrvei here was very mild In oav3rity and was
never a3 -mrkel as in the mice givoaa peroasa Enhanced recovery in MKA1treated
aninals was ceen. At first only oeythrobJ.asts could be seen,4 while3 later hemato-
poiesis wa3 largely grarjulocytic,

Tjtymus an, _flo 11 0C2. A'rophy- of the thymus was a fre-quent finding in
tho Protonarradisted mice. '_ret,4nt ith IZA prior to irradiation prevented
these changes only slightl3y virth repoprIaticn of the cortex by lym hooytes
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appearing to be somewhat accelerated0 Inversion of the normal cortical-
medullary relation was observed in scme of these animals at the second day
post-irradiationo In the thymus a sheet of epithelial and vacuolated stroma
cells replaced the normal cortex. Pyknosis and quite heavy debris, especially
in the outer cortex, were observed within 12 hours after irradiatiomo

The histologioal effocts of proton irradiation on mesenteric and media-
stinal lymph. nodes were similar to those seen in the thymus except that lymphoid
atrophy was often accomnanied by sinusoidal dilatationo In MEA-treated animals
all of these alterations were less severe,

Mild to marked atrophy of the lymphoid tissue of the thymus and of the
lymph nodes was observed in the mice exposed to x-rays and these changes were
diminished in MA-pretreated animals.

Testis. There was mild to marked atrophy of seminiferous tubules in
the mice exposed to proton radiationo This change was slightly milder in mice
treated with MEA prior to exposure. The microscopic picture was characterized
by a marked decrease in the number of germinal cells, particularly spermato-
gonias Appearance of vacuolated and other bizarre spermatogonia and spermato-
cytes, together with a decreased number of sperm were seen Mitotic figures
were absent in the cells of some tubules and markedly decreased in many otherso
In most of the sections from these animals, a mixture of atrophic and active
seminiferous tubules were seeno

Focal aspermatogenesis mostly mild in degree was observed in the testis
in most of the x-irradiated mice with or without MEA treatments

Livero In a few animals given protons, both with and without MEA treat-
ment, hem-Rhagic lesions reminiscent of peliosis hepatis were obaervedo They
were scattered throughout the liver section and were moderate in degree0 The
histopathological picture was characterized by dissolution of the liver frame-
work and extravasation of blood into the spaces so formed.

Andther inding, more pronounced in x-rayed than in proto-irradiated
mice, was irregularities in the size and.shape of the ' hepatic cell nuclei0
These chan5'es were less severe in the animals treated with MEA prier tr t-.
posurea

Focal hemorrhages similar to those seen in some of the prLoun-irradiated
mice were observed in liver sections from two flEA-treated mice killed on the
seventh and eighth days after x-irradiations The irregularity in size and shape
of nuclei was present in moderate degree in x-irradiated animals and was slight-
ly less frequent in NA-pretreated mice. Moderate to marked focal necrosis of
the liver was observed in several of the x-rayed mice0

Brain, Focal hemorrhages iere observed in the cerebral and cerebellar
gray mat T"n some of the proton-irradiated animalso Hemorrhages wore in some
cases confined to the subdural space onlyo Only one of the x-irradiated animals
had a hemorrhage and this was of the subdural typeo

Lung, A mild to moderate degree of peribronchial and perivascular accumu-
lation o chronic inflammatory cells was present in most of the control and ir.
radiated animals, Acute and chronic bronchitis and pneumonitis was observed in
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a few mice given proton radiation both. 4ith and trithout IA pretreatmnto
Rild to moderate congestion waz present in a few experimental animpls.
Ateleotasisp emphysema, and hemosiderosis were observed in a few animals
again unrelated 4o treatment.

Perivascular accumulation of chronic inflammatory cellss, acute
bronchitis, and pnemuronitis were observed in x-rayed mice -ith or without
treatment with EAo Mild congestion was present in lumg sections of a few
x-rayed miceo

Kiney. Perivascular acctmulatian of chronic inflammatory cells was
seen in MlUdTTo moderate degree in emw of the control End irradiated animalso
Congestion was found in sections from a few animals and in one mouse a moder-
ate degree of hemorrhage was observed., In other animals given protons, cystic
dilatation of the pelvis was seeno Sinilarlyp in the mice given x-rays, con-
gestion and perivascular accumulation of chronic inflammatory cells were ob-
served, both in mIld degree.

Discussion

The gross and microscopic observations presented in this raport are
results of our continuing effort to compare and evaluate differences in the
biolopicai effects of high-energy protons and x-irradiation and modification
of their effects by chemical protective aents. It is apparent from these
studies and those in our previouf report (2) that acute proton exposure is
associated with a decrease in spleen weight; atrophy of lymphoid tissue in
the spleen, thymus, and lymph nodes; hypocellularity of the bone marrow;
atrophy of the testis; peliosis hepatislike lesions in the liver; and
hemorrhages in th3 brain0 All of these effects were also seen in x-irradi-
ated mice, Thus, it would appear that differences in the pathology from
these two types of radiation are more quantitatie than qualitative

Hoever, when 142A was given prior to radi:t.on, differences which may
be r,3garded as qualitative did r',peaev Thusi, the atrophy of the spleen was
decreased in mice treated with '. A pr-ior to proton exposure0  This protective
effect was not observed in the spleens of x-irradiated mice0  A second inter-
esting finding ,.as a differentially enhanced ncmatopoietic recovery in the mice
treated with I'IEA prior to exposure,, IM stimlated recovery of both the granulo-
cytic and erythroblastic elements, but it appeared, although thhe differences
were slight, that granulocytic recovery was more "pronounced in proton-irradiated
mice during the first few days after irradiaticn, while in the x-irradiated mice
erytaroblastic elemente aredominatd. over granulccytic, This difference wan
obse-'ed obly at 3, hp and 5 days and disapneared later,

A number of other findings., not as unexpected as the preceeing ones,
but still having interesting implications were madeo Hypocellularit7 of bone
marrow was decreased in the animAs that had I-EA pretreatmentp and enhanced
cellular recovery was observed. In the bone r.au row sectione early recovery
proceeded mainly via myloblastic olemento repardlees of the kind of radiation

Another interesting Dathclogic finding in the present study was atrophy
of scuiniferous tubules in the testes of irradiated mice: This losion was
slightly more prorounced in proton-irradiated mice and was less aevere iL
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MEAtreated animalso There was only a alight reduction of spermatogonia and
spermatocytes in both proton and x-rayed animals. Loss of spermatogenesis was
observed in proton-irradiated mico by the eleventh post-irradiation day"

Kaplan and Lyon (3) and Maisin et al 0 (4,5) have indicated that EA
does not protect germ cells against x-r_---- ury On the other hand, other
investigators (6,7) have suggested that MEA can inhibit the transient, steri-
lizing effect of ionising radiation.

The third interesting finding was hemorrhage in the liver and brain.
The hemorrhagic lesions in tbe liver were quite reminiscent of peliosis hepatis
in humanso Inflammatory changesp liver cell necrosis, and a variety of other
factors have been implicated in the pathogenesis of peliosis hepatis in humans
(8-11). Kent and Thomspon (12) suggested that the development of the blood
pools is produced by dilatation of certain groups of sinusoids which subse-
quently fil with blood0 Such liver lesions were observed here in one x-rayed
monsee

Io The radiation-induced decrhase and subsequent recovery of spleen weight is
similar in proton- and x-irradiated mice; acme proteotion against splenic
weight loss by MEA was observable for both types of radiation,

2o Atrophy of the lymphoid tissue in the spleen, thymus, and lymph nodes was
observed in mice exposed to 440 Mev proton or 250 Kvp x-ray. In proton-
irradiated mice, MEA decreased the severity of this effect in the spleen
while in x-irradiated mice MEA did not produce this effect.

3o Enhanced recovery of hematopoietic cells was observed in MEA-treated mice,
grenulocytia elements being first to recover in protn-irradiated mice
while erytbroblastic elements were the first to appear in x-rayed Mi'eo

4o Bone marrow hypocellularity, as well as gelatinous marrow, was less fre-
quently observed in MWA-treated animals,

5o Enhanced hamatopoletic recovery of the bone marrow was tredominantly myelo-
blastic regardless of the type of radiation usr&,

6a Focal aspermatogenesis produced by proton and x-irradiation appeared to be
diminished by pretreatment with MEA,

7o Lesions similar to peliosis hepatis in humans were observed in proton-
irradiated mice with or without MEA treatment* Similar lesions were ob-
served in one of the x-rayed miceo

80 Subdural hemorrhages and hemorrhages of the gray matter in cerebrum and
cerebellum were present in a few mice exposed to high-energy protonsp and in
a x-rayed moute
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THE INFLUENCE OF EXPOSURE TO LOW LEVELS OF GOANM OR FAST NEUTRON
IRRADIATION ON THE LIFE SPAN OF ANIMALS

'I, The Time-Course of Survival in Proton- or X-irradiated Mice
Fretreated - hs -1-T rs

D, G. Oldfieldp J. Doull, V. Plzak, A, Hasegawm and
A. Sandberg

This report concerns: The tae-course of survival in mice total,.body
irradiate-;gy " hO Me%) protons or by medium en3rgy (250 Kvp) x-rays
with and withoat preo-rradiation treatment with 2mercaptoethylmline hydro-
chloride (Mi.) or pMpropophenon3 (PAP?),o

fraticate or ultimate application of the results: The renults reported
here a re7-xqi, or-- e-e-laor-d Tf t3 is between the survival of proton-
irradiated mice with and without chemical prcprotoction and that of x -irradiated
! i siilaXiy treated, Tho analysis of urvival-versusti!ft fuuct.oa-a hav re-

lation to histolegical data alrzrady obtained in this laboratory (1.2) dutailing
the n~tare, eo:tent; and tempcral deve'opment of chnges follo.hring irradiation
by high-energy protons and mediuni-ene-gy x-rayao The analysis is also related
to certain Yzthodological question& concerning the quantitative asstssint of
radiation dvage and of protection in ec:arimental anirals, .1i ,d-.,-ng the
into c-cDpar i son of soch m irc,,ts with oech oti-ar for v C

- cu, and
types of raoiAtion mid chemical protectors'

hu XIr t st a uE, o1 Lk., protection prigrai '. at%% ]"1.,ratory
may be bvifU- y virrA.tcd &s Yolti:. ,, t-vo experimental rans (Sarius A and
Series B) iacL thme ftvsinF y.v ion on have showm (3,4,5) that both -MA
and PAPP car. protect CF1 male nice ixi tho age r-nge 19 t 5 weeks against lethality
as measured by convcnti mal randices wiuch as LD 0  'a and DRF 3. But these
studies have .1.soo shown t1f exzi.otsn-t, o-' a difRegrnitial prot;ative effect in the
uense that, whurns MP-A ii jrcro riff.:>va thin PAPP for proton doses in the
vicinity of the 30-ay r.ileth, fr<s .ft.- . -ray midlethzl' dcses, the vev'ez-se
is tinei, witt PAT' bel.D more offect.Lv,! than I-, This result Tright b3 attri-
buted primarily to events occurring dur-.g irradiation$ and thus relate either
to qualitative differences in the nature of the (mergy deposition prcuced by
protons and x-rays, or to qualitative differ'ences in thb interaction of the pro-
tectors ulth cheii.ical species proi-iced during irradiation., Or the result might
be attributed prinarily t o evants occurring after irradiation and thus relate
to qualitatively different sequelae :hich develop from what are initially only
quantitative differences producel by irra6iation in the pros-znc3 of to pro-
teaeyve agent,

To explore these several possibilities in dept will undoubtedly require
some ex-;ension of the investigtive program in the dirceticn of (a) more accurate
determinations of the linear 3nergy transfer distributicns for each of the
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radia-1ionsy (b) comnparative measreoPE.its of The interaction of protective
substances with molecular componen~ts of irradiated calls, (c) quantitative
histopatholo gic data on the kinetics of radiosensitive cells in irradiated
mice, and (d) analysis of the development of lethality with time in popu-
lationo of irradiated mice, The present report is concerned with certain
aspeci~s of the last problem.

Materials an~d Methodso Since detailed presentations of' the phynjsical
and biol70gTFVedn1que* ernpoyed have been made in previous reports (3 ,h)
only the major features of the e-1-Derimental design are given here. These are
shown in Tables 1 and 2,,

(eu a

In T.JAsls 3 and 4 are preaentfad f ,,actional survi.Ml data to 20 -seeks
p~at- .riad18; ton obtained in Sorl, A f,)r chemically proteC;-,dp proton-
irradiated iotca. Survival dat-a fov ;aL,,-~vcted mico of' Serie~s A which re-
caived piotoe, have bean given in, & p. er report (4), Tabl-.Bs 5 and 6 give
survial data for the Serics B pritct~sd &ad unprotected protbon-Irradiated
groupu to 14- ' t ceks post-rrac ia(c-Ei, -iables 7, 8, and 9 give similar data
for the Serics A A Irra ciat icngi t,) Ci T~zls post-irradiatIon-0

Ths n~ a~to in ihe tables is calcualated on the assuinption
that deathE t~lthiti eacri Fr-op of' zlico et a particultr 6ose level obey binomial
3tatiatics, ard that the fractional sar'vival observed in this group is a
reasonable antimate of the fractimial rvurviva 1 that would ba observed in a
lar~ge r.opula' i*)on of ice -The ravir&er m, is the initial riumbsr of mice, not in-
cludinL arny i, lat cied o urinf- irrd!.aticn cr during thc first ttuo &ys post-
irraoiatioy, 111 'the cr rol grcups, the nuribor of nica excluded from analysis
due to ir~neiate death (during iriadiation) or due to short-term death (two
days pos?;-.rradiation) ia naglig~ble, In groups re.eiving TMA or PAPP before

~rrdi tonthe oxclux ed nice cc,7rie- a).out 5 to 15% of ths Initial nuxnber,:

~.1 1,-L Of the p.,oblnblo mutiplicity of processies ican lUad to
an anbi 1& caeath, and in riew of' the variableo time intervals that such
proceosco may roquire in different nioa, it is not unreasonable to regard
the initial development of mnortality In irradiated mice as a random process,
fomnn,2ly analogous to radioactive decay,, In this case, the fractional 'Izr-
vival Ahould decreaso exoonentially with time. When the dah- of Tables 3
throu-11 9 are plott3d senilogarithaically, t1be survival points for early
deatb3 do, 5i fact, follow a a-braiC.,ht line reasonably ivell, The ezxperimental
data depart, however., from the simple 6ecay model in L-To wa-)az first, there
is fr.3(aently a lag or delay before any- derths at a:ll occur,- second, the "1de-
cay" rato in rit constant at )zter tiriaas The behavicr of th3 survival points
with tMxa c-,n b3 hetter appro-dAnatOd by a atel of line negments, fitted by eye
to the data~, ui for eGich line scg: icrt those success~.ve points that lie
withina thie calculatod standard deviativn. The fitting procedure starts with
the i-itial ozit nd rzoveo progressively to points rttasured at :Later times,

Al-.d: of Tablev th-ug 9 have I1e,.-n plottod and examined, brat
only icc'.cd-mies atre exhibitond for the purpose of discussion at thio time,~
The nlzn ri.t1 zmac±1s o;* all o: tho data, to be pres,-nted in a later report,
IfA.l3.0 .3 a.cpiiC1 tJ%-, -~Y ln ;~n or corA---,,lrus curves approximating
tho su i-l: n Lth, pmri-ertt report conly th TrJor fc itures of the data
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T2ABIR I

Specification of Irradiation Parameters

1'ax'meter Protons X-rays

Accelerar 10-Inch oynobrocyclotroin UenerElI Electric Maxdiuar TTI
or Keleket

Energy ;1 U0 14eV 250 Kvp

Flu% rate or carvent,* O ,h - 1O 3: i010 protors/ 3.5 ma

Pulse i-dth h00 m.iirceecs. M57 inillisec,

Pulse repetitioi, rate'!,70 pulses/sec. puises/neco

External filttw :1, n.w/cin' (Iya laar / ~cpper plus 1 mmoi alum

Size of exbernal 4 nh~xl irnrhes (none)

F~ID 11 (.focusd beam) 75cm,

Backscat te-r maf ceria. j6 IA/ inch lucite I. inch lucite

Bsam aize at ixraii- - 9 incheu x 9 inches 0 or 45 cm.
ation surface

Approx, dose rrtv in ho - 80 rad/min, h0 rad/min
phantczm
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TABLE- 2

~~oi~Lcatof'o Cho~r~ico3 and EM-ological Paramieters

Parometer 2Lp-Cif Ioation

Drug das REA 225 Dncm/ko;o aqueouv solution

PAP?: 30 rngra/kgm. in 50 anueous
peopyioiis glycol

'Vater or p~ropyleone gl-ycolg 1% of body
weight

Mouse strain Canirorth Faviioz OF

Age of irradiationa 3.4 to 24 w~eko

0arc:trg -12 or fe -.er mico7v:9x:1 fltainleris c,,ge

Feeding -Roakland Mous% Diet plus water, avallable
ad libitum

Sviva2. chch V Daily to 30 d&rtv; weelkly thereafter



TABLE 3

Fractional survlval versus Time Post-Irradiation for Mice Given
PAP? Prior to Proton Irradiation (Series A)

D (rads)

" 235 351 46 8  591 702 8'20

3 1 00 .011, 01i 10 03 " 03. 1L00 +O: 1.0+210 01~oo j o~ oo O ,oo-o oO + lioO 02 ioOO I 02
6 o 97 .03
9 .94 °o4

12 94 0. .88 o6 o91 o5
15 82 .07 .88 .06
18 *89 45 85 006
21 ,97 .03 ,86 .,06
28 "
37 94 co-
112 .o8 .07 °82 o07
49 °74 °07 °.80 o07 '79 107 79 07
6 77 ,0763

70 ,97 -03
77
84 °95 -04
91100 92 oOh

105

121 .o77 o07
126 '95 0L 87 o6 c8? Q L o 08 7 .o7 07
133 84 o06 .69 o8 .77 0O7

mo 36 ''

36 37 35 35 34 34, I
D w absorbed doze; t P post-irradiation time.

w - initial niber of mice

Error term is the calculated standard dsviation,
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TABLE 4

Fractional Survival versus Tims Post-Irradiation for l ce Given
11&A Prior to Proton Irradiation (Series A)

-,D (rads) 235 341 468 591 702 820

t (Das)'..

h10 + 1.00 01. 1 00 01 100 - ,01, 1.0, -a 1.00 06

9 97 .03
12 097 -03 . 03
15 .95 041 .86 0061821 , 91 05

28 ,98 °o -89 .0 ,87 o05 °83 o6
37 11 03 .9 81 o06
42 ;,78 °07 , 74 07

49 069 .0856 .66 oo8
63
70 ,97 0,3 76 o07
77 ,93 .04;1 97 v03 .86 .06, ,63 o8
84 .95 04 83 o06
91 m A9 04,I00

105 ,90O 405 . -,73 ,07 r,6o o08M1 .87 .0O6 "
121 . 84 oC-5126 .81 o06
133 .95 ,c4, 78 .07 .70 o08

140

m ii 37 37 ; 35 37 35
J LL.-.L_

D absorbed dcse; t pov t.,irraation tireo

m u initial numbler of micez

Error tern iri the ceaculaitd starndard deviaticn-.
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TABLE 5

Fractional Survival verasi Tima Post-Irradiat.ion for YIce Given
Vehicle Only Prior to Froton Irradiation (Series B)

D (rads)
3 90a 487a 618 716 824 935 1037t (Days)

3 Io00 o00 - 0i l00 O- ±01 1"00 - ,01 1.00 + '01

6 .92 )o5 .94 oltm o3 97 o 86 oo6
9 97 03' 83 ,06 :78 07 -586 oOb ,78 07 .56 o08

12 .97 -031 t,80 -07 .67 08 M . 64 oB 4 o815 a86 o06 77 o07 64 08 z54 *08 o56 a08 o39 .08
18 I81 o71 o61 n08 8 36 .o8

21 °52 08 ,53 .0
30 -71 08 58 -08 ,49 .08

36 37 .94 .0.04 72 :At t8 44 .08
4!-42 i
48-49
56-57 56 .,08 46 o8 .42 ,08 o33 ,08
62-63 I, o31 ,08
69-70 53 08
76-77
83-84 .h3 U08
90-91
97-98 .92 05 ,,70 047 .08

104-105

m1 36 36 I53 53 4

D absorbed dcseS t" post-irradiation time,

mr initial numbar of mice

Error t.ei is the calculated s'trnmdd deviation
a
Use larger value of' to
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TABLE 6

Fractional Survival versus Time Posto"Irradiation for Mice Given
PAPP or MEA Prior to Pro'on Irreadiation (Series B)

D (rado) PAPP R&I

t (Days). 873a U.16a 1347 971a 1255 1395

3 1,00 1 ,02 1,,00 t 0 0 1.00 t .02 1,,00 t 02 1.00 , 002 1.00 + ,02
6 p94 ..4 ,83 .,C6 o93 o05 o88 o07
9 ,97 .03 ,89 o05 o62 o0S 97 03 .72 .08 °63 o10

12 .77 ,08 .69 oO8 .91 o5 .66 °o9 .54 o
15 66 08 .59 ,05 .88 .06 .59 0918 073 =08 ,63 O ,-,0 .85 o06

21 .82 ,07
30 !.56 oo9 155 .09 50 10

37-3844-,45 .67 .09 60 c8 53 ,09 .79 .07

52-535 08 o47 ,03 .67 .08 48 109
58-59 ,41 oO8 ,6h ,oS ,4. o09
65-66
72-73 .63 -0979-80

867 ,,38 308
93-94 .60 09 C,5 S 61 o .46 o

100,-101 16 .0 42 oi0

30 35 3 29 24

D - absorbed dose; t = post-irradiation tims..

m w initial n.b3r of mice

Error term is the calculated standard deviation.

aUse larger value of t,
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TDAL 7

Fractional S tnval versuD T-Ue Post-Irradiation f tL Mice Given
Vehicle Only Prior to X-Irradiation (Series A)

D (rads) 2- ! 222 3-33 44 555 666
t (Dayr- 3 6

, 0 ! 00 -01 1..00 01 1,00 01 1000 - 101
6 9, .93
9 .,97 03 ,92 05 86 .06

12 91 -05 95 0h 78 )07 53 08
15 ,9 05 46 2 06 764 08l 39 o08

18 °53 '08 o36 o8
21 o97 03 081 o07 50 t,08
26 " 36 06 o72 o3 J47 ,08
34 o70 .08 o33 ,08 33 °08
41 '.3 o06 .31 o08 .31 .08
48 25 .07 .29 0855
62
69 67 = 08
76
83

92 Q92 .05 ,77 v07
97 AO9 ,0 ,74 A07 ah 08
106 ,71 8, :22 .07
113 :86 oc6 69 .03
118 83 ,06 .61 ,08

132 .81 _07 , 63 ,08 58 .08
139 06 ,08 .25 o7

in 3635.3 36 36

D r-, aboorL.ad dose., t - zott r.radiation tini:

m w initial numbc"r of rac o

&-ror -'erim is the eplclilated standard detioanm.
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F'acti.on2 Survival versus Time OostIrnadiatian for Nice Given
PAPP Prior to X=Irradiation (Series A)

U014 555'v' 666 777 888

310 0 10 - 01 +6 10oo 1 ioOO o0 oOoO0
o97 )03 .97 03

9 °94 A4 .94 .o
12 . °o7 °86 °06 86 Io6 °89 O

.88 o5 .81 37 8o ao 86 o06
18 -5 45 .78 07 .77 .07
2i .71 ;o8 .83 o6
26 ,87 .06 .75 07 '69 '08 °78 .o7
34 84 0Cf6 63 o08 072 .o841 85 46 06 "0o8 -)57 .0846 '82 U6 o67 A08

55
62 79 zO7
69 76 :07 .6h ,o8
76 1 ,07 83 06 64 ,08 ,54 Io8
83
92
97

106 .361 oOB

125

139 , 63 0

m 38 40 36  35 36

D - absorbsd dose; t - tpoet-irradiation time,

ia - initial number of mice,

Error term is th3 calculatod standard deviation.



117

TABLE 9

Fractional Survival versus Time Post-lrrAdiation for YIdce Given
MEA prior to X Irradiation (Series A)

D (rads) F
41,55 666 II 77 888

S ZoOO oOI looZ+ol oi zoot oi 1oOO. oi IioOIo~i
6 .98 ,02
9 a93 °oh .85 .06

12 095 0 h .76 o07 61 .0815 .84 .06 o71 -07 .56 .08
18 °98 o5 63 o8 .51 °08
21 82 .06

26 95 o03  074 o7
34 95 03 o71 .07 .61 °o8 °49 o8

48 .51 o8 44 o8
655 .42 o08
62 ,9 0
69 c9 49 °08

74 68 08
83 g ,o5 k ,66 .892 °63 A0B o34 07
97 o94 oU4

106 6:t ,o8 ,.39 .08
113 o'88 '05 37 .08
U.8 .9o o05
125 A83 0o6

132
139 .81 06 '58 ¢08 329 '07 .32 007

m 1 o 38 4 41

D - absorbed dose; t m post ir3adiation time,

m - initial numbee of miceo

Error term is the calculated standard deviaticn
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obtained thus far will be described, These can be verified by inspection of
the tabular data or of the illustrative cuives discussed later.

Speaking generally, the curves for poton-irradiated groups and
x-irrad.ated groups (with or without pretreatment with either protecto4)' are
similar, The behavior of all of the curves can be described as were the un-
treated protc-irradiated groups in a preceding report (4), The initial death
rates increase with increasing radiation dose; the initial rate of death is
fucceeee, by a secondM rate of death proportional to, but smaller than, the
initial rate; the ransition from initial rate to secondar7 rate occurs earlier
in time and at a lower survival for larger doses; for low doses, the initial
rate appears to be preceded and followed by periods during which the rate of
death is zero.

Discus icm

The initial death rates for the various groups can each be approximated
by single numbers giving the slope of the line segment thiu-h the survival
points° Therefore this dsath process--initial death neglecting any initial lag
during which tha death rate is zero--has the sama functional form (exponentially
decreasing Adth time) for all groups. In this e3nse, initial death varies only
quantitatively over all of the grcups Iow3var,, rhen the secondary death rates
also are considered and, even morea, when the various delays or lags are con-
sidered, it is e-vident that the form of the function which can represent this
behavLor must be more comolicated than exponential to fit the observed survival,
even for a single type of radiation and a single protector It would be per-
missible to introduce two additional constants: one associated with the par.
ticular 6rug used, its =de of aministraition, etc.; the other stemming from
the fact that the exponential "ccay" of survival is not constnnt, (The values
of these constants could Ua deteiired from the survival data for various radi-
ation dozes with ano without protcactiono) If th. data could be fitted by such
a, procedure$ the behavior of the arves for a siaje3 type of radiation Ind a
vingle protector could aglin be regardod as differing only quantitatively for
these groups. If the same function corld be wed to rtpresent the Survival
data for both types of-.iation and both protectors, the survival bahavior
could be regarded as qualittively the sane for all group .

An examrle of n trial Punction 7irich nigh be irrrestigated in this
comnecticn is

q

u-here q, is trfe fractional nrl y' of uice survivi', to time t, r, is the absorced
c oae, ~nd C is tho woncentrat"ni of prr'tcctor in 'he %ninn-l. The constant CC:
dependr cn the type of racitiot the rorstUint , on th2 typo of drug; ant the
constant C , on the population of icu used,

-oev. r, if, aJ ic lik 13 y, tii ,t a for both atia cn. nn,, both pro-
I-otors cold not 'o fitted by n . iiugh nctaon, a rnch irmor coiplicated
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situation e-isaes- The relation one oeeks nou is riot that between a cortain
set of consiants, such aj 'i in the equation above, but rather a re-
lation b~etw3en two or more different survival functions. This relation, when
applied to one survival function, must generate theother survival function
not merely at one time for one dose but over the entire range of -interest of
these variables. In other words, we describe the differences in the behavior
of' two survival functions by specifying the transformations required to con-'
vert one into the other. This relation of survival functions to each other
constitutes the conceptual mechanism for making comparisons between different

rgiimos of treatmnent, To pass fran the concept to the practical analytical
tool requirns that the change in type of radiation or type of drug be speci-.
fied in a quantitative way, For e.adiation, this specification might be the
average linear energy traiisfer to molecular constituents of a cell; for a
drug, it might be come index of reactivity or of extent of reaction with
molecular c onstituents of a cell & The ratio~nale for extending the investi-
gative progeam can thus be seen to hasve an analytical basiso

This broad tieantat-at of' radiat ion survival and protection contrasts
naturally to the more usual rethodis of analyz~ing survival data by restricting
the range of the variables, SelectinE par' ticular values of the variables as
fiducial (e~g., 30-day assay, _10% survival, etc,) yield various familiar
indLccs LD 0/30 1 ST 0 , -. c) The gain in aiiwplicity., hownver, is
accoympaniod toj a lobs of iniforf.4 '1ion regarding the relation of the variables
to each othr except at the fiui~ons~ The lose may or may not be sig.
nif Icant for any given investigation. In the case of radiation-induced lethali-
ty and proL3ction against lethality, where the biological events observed
(an _ma1 dt~a:h) is renovod in time from the inducing physical event, neglect of
tt-ne a!, & r.~riable of i±Thererst could easily 7coduce data which wa misleading
f~rom an ixit:)roJrae ative -,Aont of view,.

An additiona2 point regarding the anal.ysis of the survival data con-
cerns the r~prodiuciblli ,y of' the rurvival curves fromr run to run. The mndi-
cat-'one ±'ron a comparisi'n of' Scr'ie3 A with Scrics B curves for rproton-irradi-
ated anima*L3 are that (7 ) ruao0 -iablu agreetent (within 1. standard derivation
over the entire curvc) occurs in roughly one-quarter of the groups (eog.,
Fifgures 1 aid 2); (b) doviatione apprceiably "renter than 1 standard deviation
-also occur in vbouti cne-juerter of th2 groups (e~eg,, Figures 3 and 4i() bu
half of th3 r ,'oups lis l!tvt:ar th .a :tremeo, with agreement between sane
porltic'xj of' thi. cva b-)t not t:w'uothers (Figures 5 and 6),,

The U ,rtanc_ o; tiznc a & piraznter together Ath the fact that
systema-Ju diff'erencczs b..tuioen su~~~.cvrvcs tend to be obscured by fluctu-
ations ' n Uhtioa-covr'o of rrvil mae it reasonable to commence the de-.
tailoed anly .-I ofi radiroprotvctlorn tiv5nj the concept, of survivance. This
quantity~f, dd'ine-d nzi the tlime tnt!-w raj of the rurvival curves between speci-
fiod li-Ats, has 1-ser dic7cwis-,_eJ % a preceding report ML) The use of this

iil'e- ~:yc~iv bo repsired &a a t .), oc-m-lso bet-w.een preserving tittn as kin ex-
rli.2tt .~.,voml 'ajibla aid s5.aoothing certain of the fluctuations in
vnrt-ivil 41 1ch oczar f roi tk'xfliA-it ' l expci'riment,

I .. "rVi~iv ezveC t-Jnc *m ('F, r.Ale n~ice total-boiy irradiated by high-energy
(, ; x>.j~ o~cr co, by rviu-i er# rgy (25,) Kvp) x-rays with and without
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Figure~ ~ ~ ~ ~ 1, Survw rcinoPiegve eil nyvrtst,7tr 2 rd poonirditin(SrosA.
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Figure 2. Surviving f£raction of rdce given vehicle only versuD time
after 824 rads protcn irradiation (Series B):,
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Figure 3,, Surviving frs~otcn of uice given vehicle only versus timie
after 939 rado proton irradiaion (Scries A)
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AJgura 4c Sviving fraction of mice given vehicle only versus time
after 935 rads proton irradiation (Series B)o
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Figure 5, Surylvine, fr.ctiors of mice given vehilo1 only ver~u,3 tiM:
after 591 rado proton irradi ltion (Serie A),.
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F4i[guro 6 a'rivin2g fracdticn of inicz given vchicle only verous i ix,3
after 618 rads pre'on irra~diation (Leries B),
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pre.-irradiation treatment with 2-raercaptoethylanine hydrochlorida or
p-aminoprapiophenone is reported,

2., General propertle. of the survival curves and differences between Curves
for replicatpd runs are described,

3., The analytical basis for a detailed comparison of the entire course of
survival curves is discussed.
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